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Control over the mitotic cell division cycle of the fission yeast 
Schizosaccharomyces pombe is exerted at two main points, entry into mitosis 
and an earlier point, situated prior to DNA replication, known as Start. At 
Start, cells become committed to one of a number of developmental 
pathways. The cdc2 and cdc10 genes are both required for commitment to 
the mitotic pathway. The cdc22 gene encodes an enzyme which functions in 
S phase, and is periodically expressed around the time of the G1-S boundary. 
cdclO binds to elements known as MCBs upstream of cdc22; synthetic MCBs, 
inserted upstream of a reporter gene, confer periodicity of expression upon it. 
A second reporter gene has been constructed, under the control of 
sequences from the upstream region of cdc22, and this has been used, 
together with the MCB-controlled reporter, to investigate the regulation of 
cdc22 under various conditions of cell cycle arrest. It has been shown that 
cdc2 is not required at Start for MCB-mediated gene expression. 
In cdclOts arrested cells, cdc22, and the reporter gene under the control 
of the cdc22 upstream region, are both expressed. In contrast, the reporter 
gene under only MCB control is not expressed independently of cdc10. This 
suggests the existence of at least one cis-acting element within the cdc22 
promoter, additional to MCBs, which is required for cdcl 0+-independent gene 
expression. 
The roles of the two dusters of MCBs that are found within the cdc22 
upstream region have also been investigated. The upstream duster is not 
required to mediate normal patterns of gene expression, including periodic 
expression during the cell cycle. This conclusion is supported by the 
discovery that some MCBs located in the downstream duster constitute part 
of a larger motif, which is conserved upstream of several other periodically 
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transcribed genes in S. pombe. The role previously assigned to MCBs in 
S. pombe is shown in fact to depend on the presence of this larger motif. 
1.1 The cell division cycle 
1.1A The cellular challenge maintaining the genetic complement 
A cell is a biological machine, designed for growth and autonomous 
replication. All life has a cellular basis. But replication presents a cell with a 
particular challenge, as its progeny must also possess the ability to grow 
and divide. The physical division of the cell must thus be associated with 
processes that ensure the distribution of essential cellular components into 
both offspring. The most important of these components is the genome. 
On average, a cell must replicate its DNA once per cell division. 
Otherwise, the copy number per cell would be locked into an inexorable, 
unsustainable trend. But this is not sufficient for stable propagation of 
chromosomes. Loss of genetic material is usually lethal, so dividing cells 
require a mechanism to ensure that their progeny almost invariably inherit 
the full genetic complement. This could be achieved by random segregation 
of chromosomes only if each chromosome was present in a very high copy 
number, which would require a massive investment of energy by the cell. 
Hence in all living organisms, the cellular genetic complement is maintained 
instead by a coupling of the processes of chromosome replication and 
segregation to those of cell division. 
1.1B The prokaryotic and eukaryotic cell division cycles 
The organisation of the cell division cycle appears to be remarkably 
conserved in all eukaryotic cells. DNA Synthesis (S phase) occurs for a 
discrete period during the cell cycle. The physical separation of the 
replicated chromosomes is known as Mitosis CM phase), which is followed 
by cytokinesis. S and M phases invariably alternate in growing cells, with 
intervening Gap phases, GI (prior to DNA replication) and G2 (between 
replication and mitosis). 
Eukaryotic cells possess mechanisms which tightly couple the 
processes of DNA replication and rnitosis/cell division. The correct 
ordering of events is almost invariant, and departure from it is usually 
lethal. However, in prokaryotic cells DNA replication and cell 
partition/ division are less mutually dependent. One result of this is that 
DNA replication and cell division may occur simultaneously. Prokaryotes 
have a simpler genomic structure than eukaryotes; the more complex 
structure of eukaryotic genomes may be one reason why a temporal 
separation of the processes of DNA replication and cell partition/division 
has evolved in eukaryotic cells. 
The best characterised prokaryotic cell cycle is that of the gram 
negative bacterium Escherichia coli. E. coli possesses a single, circular 
chromosome, and DNA replication is controlled by an initiation event at a 
specific origin. Initiation of DNA replication occurs when cells obtain a 
critical mass (Donachie, 1968). The only known protein required solely for 
initiation of replication (and not required subsequently) is DnaA, and levels 
of this protein are rate limiting for initiation (Pierucci et al, 1989). Re-
initiation immediately after the preceding initiation event does not occur, 
because DNA must be methylated for initiation to occur and newly 
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synthesised molecules are only hemi-methylated (Russell and Zinder, 1987); 
this hemimethylated state persists for 30-40% of the cell cyde (Campbell and 
Kleckner, 1990). 
Chromosome segregation occurs after a short period of post-
replication DNA synthesis, when cells attain a critical length (Donachie et al, 
1989a; 1989b); the mechanism of segregation (reviewed in Rothfleld, 1994) 
involves MukB, a protein which resembles eukaryotic myosin and kinesin 
heavy chains (Nild et al, 1991). 
The process of septation initiates at a fixed cell length (Donachie et al, 
1976), and can occur even if DNA synthesis has not been initiated (Hirota et 
al, 1968). A number of proteins are absolutely required for septation 
(reviewed in Donachie, 1993), notably FtsZ, which possesses a GTP'ase 
activity (deBoer, et al, 1993; Mukherjee et al, 1993; RayChaudhuri et al, 
1993), and which assembles in a ring on the inner surface of the cytoplasmic 
membrane at the site of subsequent septation (Bi and Lutkenhaus, 1991). It 
has been suggested that the level of FtsZ is rate limiting for septation (Bi and 
Lutkenhaus, 1990). 
The independent control of initiation (by cell mass) and septation (by 
cell length) results in DNA replication once per origin per cell division event 
in cells grown under steady state conditions because of consistent geometry 
of the cell (see Donachie, 1993). But when the rate of accumulation of cell 
mass is altered, the rate of increase in cell length does not change until the 
cells reach the critical length for commitment to septation (Donachie et al, 
1976). Consequently, the equilibrium between replication and cell division 
is upset and more (or less) than one round of DNA replication may initiate 
between cell division events (as modelled by Cooper and Helmstetter, 1968; 
see figure 1.1), in contrast to eukaryotic cells, in which DNA replication can 
only occur once per cell cyde. At high growth rates, the organisation of the 
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Figure 1.1 
The prokaryotic cell cyde: variations in cellular DNA content with growth 
rate 
Slow cell growth 
Upon birth, cells contain one chromosome (with one origin of 
replication). DNA replication initiates once per cell division cycle upon 
attainment of a critical cell mass; the critical cell length for commitment to 
septation is achieved approximately coincidentally with the termination of 
replication. 
Transition from slow to fast growth: 
The rate of cellular growth increases upon shift to more favourable 
conditions, but the rate of cell elongation does not increase until the cell 
obtains the critical length for commitment to septation. Thus cell division is 
delayed, relative to mass increase, and more than one initiation event occurs 
at each origin of replication between division events, increasing the cellular 
DNA content. The length requirement for commitment to septation is 
unchanged by the increased growth rate, as is the time taken for septatation 
after this commitment. But the amount of cellular growth that occurs 
during the process of septation is increased, so cells attain a larger size by 
the time septation is complete. 
Fast cell growth: 
At high growth rates, the interval between successive cell division 
and initiation of replication events is less than the time taken to complete 
each round of DNA synthesis. Hence DNA synthesis occurs continuously 
throughout cell cycle. Initiation at each origin of replication occurs once per 
cell cycle, maintaining a higher chromosomal copy number than that found 
in slowly growing cells. 
Transition from fast to slow growth 
The rate of cellular growth falls before the rate of cellular elongation. 
Thus cells divide before an initiation event occurs at each origin of 
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prokaryotic cell cycle bears little resemblance to the alternating sequence of 
replication and cell division which is observed in eukaryotic cells. 
1.1C The cell cycle and development of multicellular organisms 
The cells of simple organisms, like bacteria and fungi, divide to 
produce independent offspring. In more complex organisms, like humans, 
the daughter cells remain attached to and co-ordinatedWithone another, 
creating a single, multicellular organism. In a process known as 
development, polarities present within the cytoplasm of the founding cell of 
the organism lead to the production of daughter ceIL5 which despite their 
genetic equivalence, are non-identical. The process of differentiation is 
continued by successive rounds of cell division and by signalling between 
differentiated cells. The developed organism thus consists of many highly 
specialised cells. Some of these continue to divide throughout the life of the 
organism, others enter a terminally differentiated state and do not 
subsequently reproduce. The function of certain cells (the germ line) is to 
divide to produce independent daughter cells, which can in turn enter their 
own developmental programme and thus give rise to a new organism. 
Human cancer is caused when a terminally differentiated cell 
becomes defective in the processes that normally prevent proliferation. This 
is associated with the accumulation of various mutations by the cell, 
although in most tumours it is unclear which are causative. The desire to 
understand, prevent and cure cancer is one important reason why the cell 
cycle is studied. 
12 Model organisms for studying the cell division cycle 
1.2A Multicellular organisms 
In multicellular organisms, cell proliferation and differentiation are 
closely linked in the process of development. Each cell division is a specific 
event in the development of the organism and successive cell division cycles 
cannot be considered as identical events. A conceptual understanding of the 
cell division cycle has thus evolved largely from work on simpler, 
unicellular eukaryotes. 
However, the earliest cell divisions in the life of a multicellular 
organism occur before the cells have become highly differentiated. The eggs 
of amphibians and invertebrates have thus been used to study the cell cyde, 
notably those of the South African clawed frog, Xenopus laevis, and of sea 
urchins, such as Arbacia punctulata and Lytechnicus pictus Fertilisation of 
these eggs is followed by several successive rounds of synchronous cell 
division, and provides a rare opportunity for the cell division cycle of higher 
eukaryotes to be studied in an in vivo system. In particular, these studies 
have contributed greatly to the elucidation of the biochemical basis of the 
mechanism by which eukaryotic cells enter mitosis. 
The study ofkcell  cycle of mammalian cells, by contrast, depends on in 
vitro cell culture. This is done by placing cells in a dish and stimulating thesr 
with growth factors. These induce the cells to grow and divide until the 
surface of the dish is covered in cells, when division ceases, a process known 
as contact inhibition. Cells can then be detached, placed in a new dish, and 
allowed to resume division. Most types of mammalian cells can be cultured 
in this way but they die after a certain number of divisions. it is possible, 
however, to select for cells which have acquired immortalising mutations. 
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Although a population of growing mammalian cells in culture is not 
inherently synchronous, it is possible to collect populations of cells at 
particular stages of the cell cycle then to release them to divide 
synchronously (reviewed in Johnson et al, 1993). Techniques used for 
collecting cells at various cell cycle stages include selection of cells on the 
basis of cell cycle stage-specific properties (such as adherence or size), and 
blocking cells at various points in the cell cycle, either by drug treatment or 
by amino acid deprivation. 
Repeatedly growing cells to contact inhibition, or treating cells with 
drugs, allows for selection of immortalised cells that have additionally lost 
normal growth controls (such as contact inhibition); these cells are known as 
transformed cells. Certain transformed cells possess the ability to form 
tumours upon injection back into their parent organism; cells derived from 
tumours behave similarly as transformed cells in vitro. 
Transformed cells have lost the controls that normally prevent them 
from proceeding through the cell cycle. The discovery that DNA, extracted 
from transformed cells, was capable of conferring a transformed phenotype 
(Chiaho et al, 1979) has led to an understanding of the molecular causes of 
transformation. These are the acquisition of mutations; either activating 
(usually dominant) mutations in genes whose function is to promote 
proliferation (proto-oncogenes), or disabling (usually recessive) mutations 
in genes which block entry into the cell cycle (tumour suppressor genes). In 
vivo, the proliferation of quiescent cells resulting from the acquisition of 
such mutations results in cancer; statistical evidence, based on the 
relationship between the frequency of cancer and age, suggests that a cell 
typically needs to acquire around 3-7 mutations to become cancerous. Each 
individual cancer results from the acquisition by one cell of one particular 
set of mutations, but certain genes are found mutated in a many cancers, 
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indicating their importance in determining whether the cell enters the 
division cycle or not (reviewed in Vogelstein and Kinzler, 1993). 
A second approach to understanding the mammalian cell cycle has 
been to look for equivalent genes, proteins and regulatory mechanisms to 
those which have been discovered in more easily studied organisms. This 
has proved successful because of the high conservation of the mechanisms 
of cell cycle control in all eukaryotes, even though the molecular control of 
the cell cycle of mammalian cells is more complex than that of simple 
eukaryotes like the yeasts. These two approaches are complementary, and 
there is a growing understanding of the interactions between the products 
of the universal cell cycle control genes and those of oncogenes and tumour 
suppressor genes; for example, the relationship between cdk-cydlin 
complexes, which are universally involved in cell cycle control (see section 
13B), and the product of the retinoblastoma tumour suppressor gene (Ewen 
et al, 1993; Myerson and Harlow, 1994; Bates et al, 1994). 
1.2B Yeasts 
Yeasts are simple unicellular eukaryotes. They are easily grown in 
the laboratory and have a short generation time, making them convenient 
organisms to study. They will undergo vegetative (mitotic) or sexual cycles, 
permitting their genetic analysis. Yeasts have small genomes and thus are 
also good organisms for molecular biological analysis. 
In the laboratory, yeasts may be grown in either liquid or solid 
media. In liquid culture, cell number increases exponentially as cells pass 
through successive division cycles. As available nutrient supplies become 
depleted, growth and division cease and the cells enter stationary phase, 
resuming when fresh medium is supplied. Much of our understanding of 
the cell division cycle has emerged from work carried out on two species in 
particular, the budding yeast Saccharomyces cerevisiae and the fission yeast 
Schizosaccharomyces pombe. 
The fission yeast Scluzosaccharomyces pombe is rod, shaped, with a 
typical length at division of 14 pm and a diameter of 3.5 pm. It grows by 
elongation and divides by binary fission, and can survive at temperatures of 
up to 365°C. The cell division cycle of S. pombe is typically eukaryotic 
(reviewed in Fantes, 1989). The mitotic cell cycle begins with the completion 
of a medial structure (called a septum) that separates the two halves of the 
cell after mitosis. There is an exceptionally short GI period (only about 10% 
of the cell cycle), and cytokinesis occurs along the septum simultaneously 
with DNA replication. A relatively long G2 interval precedes mitosis, 
which, in contrast with mitosis in higher eukaryotes, is not associated with 
breakdown of the nuclear membrane. 
S. pombe has two common haploid mating types and cells of opposite 
mating type may leave the mitotic cyde and undergo conjugation and 
sporulation. The life cycle of S. pombe is shown in figure 1.2. 
Synchronous cultures of S. pombe cells are typically created by release 
from a cdcts mutant block (see section 1.4C), or by elutriation. Elutriation 
selects the smallest cells in a population; because GI precedes septation in 
wild type S. pombe, this method of synchronisation produces a culture of 
cells in early G2. 
S. cerevisiae cells are approximately spherical and divide by 
asymmetrical budding, producing non identical progeny (see Pringle and 
Hartwell, 1981). Synchronous cultures of S. cerevisiae may be produced by 
elutriation. Alternatively, cell cycle arrest may be induced, and the cells 














S. pombe cells can grow vegetatively, passing through successive 
mitotic cell division cycles. But under starvation conditions, and in the 
presence of appropriate mating pheromone, cells of opposite mating type can 
conjugate, forming diploid cells. The decision to leave the mitotic cell cycle is 
taken at a point called Start (see section 1.5A). Diploids are themselves 
capable of vegetative propagation but under continued starvation conditions 
they sporulate. The spores are initially held in a structure called the ascus. 
Each ascus contains the four haploid products of a single meiotic division. 
The asci disintegrate but the spores lie dormant, re-entering the mitotic cell 
cycle when the environment permits a resumption of growth. 
a mating pheromone is often used to arrest haploid cells of the opposite 
mating type for this purpose. 
Many of the same techniques have been applicable to studying S. 
pombe and S. cerevisiae and we thus have a good understanding of the 
similarities and differences of the control of the cell cyde in these two 
organisms (reviewed in MacNeil, 1994). The great evolutionary distance 
between them (Sipiczki, 1989) means any conserved mechanisms are likely 
to be common to a wide range of eukaryotic cells. 
Among the most profound differences between these two yeasts is 
the location of the major control point in the cell cycle. In S. pombe, the G2-M 
transition is very important (see sections 1313, 15C). In S. cerevisiae, the 
major control point is located in Gi, and is known as Start (see sections 13B, 
15B and 1.613). The cytology of subsequent cell cycle transitions in S. 
cerevisiae is not typical of most eukaryotic cells (reviewed in Byers, 1981); it 
can be argued that there is no G2 phase in this organism, and that S phase 
overlaps with an extended mitotic phase (Nurse, 1985). 
1.3 	Universal principles of cell cycle regulation in eukaryotic cells 
13A Control points 
Eukaryotic cell cycles are not linear processes, with each event 
occurring in precise sequence. Nor is every event dependent on the 
completion of all preceding steps in the cell cycle. Instead, many cell cycle 
processes occur concurrently but independently of each other. These 
processes are co-ordinated by particular cell cycle transitions (control 
points), whose passage is dependent on the satisfactory completion of 
earlier cell cycle 'events. 
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This dependency allows the cell to avoid attempting to proceed 
through the cell cycle when this is not possible to do so successfully, owing 
to the failure to complete an earlier event. Thus one effect of blocking or 
activating a given cell cycle pathway is arrest of all cell cycle processes, 
until the conditions for passage of the control point are satisfied. 
Two control points seem to be especially important in all eukaryotes. 
These are entry into mitosis (the G2-M transition), and a point in G1 named 
Start (in yeasts) or the restriction point (in higher organisms), where cells 
commit themselves to proceeding through the mitotic division cycle. 
1.3B A universal protein kinase regulates entry into mitosis, and 
provides a model for all eukaryotic cell cycle transitions 
The haploid egg of Xenopus laevis is derived from a diploid oocyte by 
meiotic division, a process known as maturation. The cytoplasm of a 
matured oocyte will promote maturation of an immature oocyte, and this 
activity was named MPF (maturation promoting factor; Masui and Markert, 
1971). After fertilisation, MPF is required for mitotic division and fluctuates 
during the cell cycle, reaching a peak when cells enter mitosis (Wassermann 
and Smith, 1978; Gerhart et al, 1984) 
Biochemical purification of MPF from Xenopus (Gautier et al, 1988) 
and sea urchin (Labbe et al, 1989) identified two components, a protein 
kinase and a cydin. Cydins are proteins, originally identified in sea urchin 
eggs, whose levels fluctuate during the cell cyde as a result of their periodic 
destruction (Evans et a!, 1983). In Xenopus, synthesis of cydlin during the 
cell cycle has been shown to be necessary for MPF activity (Murray and 
Kirschner, 1989; Minshull et a!, 1989). 
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The protein kinase is homologous to that encoded by the cdc2 gene 
of Schizosaccharomyces pombe (Gautier et a!, 1988). cdc2 had been identified 
by genetic methods as a key gene involved in the regulation of entry into 
mitosis in S. pombe (see section 1.50. cdc2 activity is cydlin dependent 
(Moreno et a!, 1989). CDC28, a key gene controlling cell cycle transitions in 
the budding yeast S. cerevisiae, is also homologous to cdc2 (Hindley and 
Phear, 1984). Along with many other cell cycle mutants in S. cerevisiae, cdc28 
mutants arrest at Start (Hartwell et al, 1974), the main point at which the 
S. cerevisiae cell cycle is controlled. Control of the G2-M transition in 
S. cerevisiae is less well characterised but Cdc28 is required for post-Start 
events (reviewed in Nasmyth, 1993). Likewise, in S. pombe, cdc2 is required 
at Start as well as at the G2-M transition (Nurse and Bisset, 1981). 
In both yeasts, a number of different cydins have been identified, 
whose levels peak at different times of the cell cyde (see below). Work on 
mammalian cells has identified a still larger family of cydlins which have 
been grouped into 8 families (cyclins A-H) on the basis of homology 
(reviewed in Sherr, 1993). Additionally, multiple homologues of p34, +he. 
çkte 	have been identified in higher eukaryotes, for example in 
humans (Myerson et al, 1992). The activity of these proteins is invariably 
dependent on the formation of a complex with a cydlin, hence they have 
been named cdks (cyclin dependent kinases). 
The presence of sufficient levels of cydlin, while necessary, is not 
sufficient for activation of cydlin dependent kinases in most eukaryotic 
systems. In S. pombe, cdc2 activity at the G2-M transition is totally 
dependent on the phosphorylation state of certain conserved residues (see 
section 15C). cdc2 is the downstream target of cascades of interacting 
proteins which phosphorylate and dephosphorylate these residues; 
homologous mechanisms regulate cdc2 activity in higher organisms 
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(reviewed in Norbury and Nurse, 1991). The multi-component nature of 
this control makes a single cell cyde process (execution of cdc2 function) 
dependent on the many factors which regulate these pathways. These 
include the completion of earlier cell cycle events and environmental factors. 
A universal model for cell cycle progression can be proposed, in 
which the cell cycle consists of a series of key regulatory steps, each under 
the control of a different Cdk-cyclin complex. In S. poinbe, there is only one 
known cdk (cdc2; Simanis and Nurse, 1986) and there are two points in the 
cell cycle where it is required, Start (Nurse and Bissett, 1981) and the G2-M 
transition (Nurse et al, 1976). cdc2 associates with the B-type cyclin 
encoded by the cdc13 gene to trigger entry into mitosis (Moreno et al, 
1989). Other B-type cyclins have been identified in S. porn be, with suggested 
function in Cl (Forsburg and Nurse, 1994; Connolly and Beach, 1994; 
Obara-Ishihara and Okayama, 1994) and G2 (Bueno et al, 1991; Bueno et al, 
1993). In S. cerevisiae, more cyclins have been identified: the role of the 3 Cm 
cyclins in the passage of Start is well characterised (see section 1.613); 4 Cib 
cyclins are involved in mitosis (Fitch et al, 1992; Richardson et al, 1992; 
Grandin and Reed, 1993); and 2 Clb cyclins are involved in S phase (Kuhne 
and Under, 1993; Schwob and Nasmyth, 1993). These different cyclins are 
believed to regulate these different cell cycle transitions by forming 
complexes with the only known cdk (Cdc28) at different times in the cell 
cycle (reviewed in Nasmyth, 1993). There is apparent redundancy of cydin 
function at many of these steps. 
In higher eukaryotes, each cdk binds members of a particular cydin 
family (or families) to regulate particular cell cycle transitions (reviewed in 
Sherr, 1993). But entry into mitosis is universally controlled by a 
p34CdC2 .cydin B complex (reviewed in Nurse, 1990). 
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How execution of cdk function leads to progression through the cell 
cycle is less dear. A number of in vitro targets of p34 have been identified, 
but the in vivo mechanism by which mitosis is initiated remains unknown 
(reviewed in Moreno and Nurse, 1990). In many eukaryotes (though not in 
yeasts), the nuclear membrane breaks down upon entry into mitosis. Thus 
it is interesting that, in vitro, phosphorylation of lamins can be effected by 
p34, and that this leads to disassembly of the nuclear lamina (Peter et al, 
1990; Enoch et a!, 1991; Luscher et al, 1991; Peter et al, 1991). 
1.4 The cell cycle of the fission yeast Schizosaccharomyces pombe: 
methods of genetic analysis 
1.4A Introduction 
Much of our general understanding about the working of the 
eukaryotic cell cycle comes from genetic analysis of yeasts. Work on 
Saccharomyces cerevisiae and Schizosaccharoinyces poinbe has proceeded in 
parallel, enabling us to learn from similarities and differences between the 
cell cycles of these two organisms. This understanding has been fuelled by 
the isolation of a large number of cell cyde mutants; defects in different cell 
cyde processes frequently cause the same mutant phenotypes, discussed 
below (sections 1.4B-E). In addition to the genes carrying mutations 
conferring these phenotypes, many other genes involved in control of the 
cell cycle have also been isolated, because of their interaction with these 
primary mutations. 
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1.4B wee mutants 
Among the first cell cycle mutants isolated in S. pombe were those that 
possessed a wee phenotype (Nurse, 1975; Thuriaux et al, 1978; Nurse and 
Thuriaux, 1980). These are cells which have lost their normal size 
requirement that regulates entry into mitosis, and thus they divide 
prematurely. The cells are viable despite their small size; both constitutive 
and conditional wee mutations have been isolated, but conditional lethal 
single mutations have not been found. 
Wild type cells replicate their DNA after a very short Gi period. In 
wee cells Cl. is elongated, because entry into S phase is dependent on the 
attainment of a critical cell size, which wee cells do not possess at birth 
(Nurse, 1975; Nasmyth et al, 1979). 
wee phenotypes can be also be conferred by the over-expression of 
certain genes (Russell and Nurse, 1986). Combining certain genotypes, 
which, in isolation, cause a wee phenotype, results in cells attempting 
division at -a lethally small size, a phenomenon known as mitotic 
catastrophe (Russell and Nurse, 1986). 
1.4C cdc mutants 
The function of some genes is an absolute requirement for passage 
through the cell cycle; null mutations in these genes are lethal and only 
conditional mutations can be isolated. Typically, temperature sensitive (ts) 
mutations, which lethally impair gene function at 35-36.5°C but allow 
growth at 25°C have been isolated, but a smaller number of cold sensitive 
mutants have also been identified. 
Upon shift to restrictive conditions, mutants defective in particular 
cell division cycle processes may display one of two phenotypes. If cell 
division is not dependent on the successful completion of the defective 
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process, cells will undergo aberrant division (see section 1.40. But if cell 
division is dependent on the successful completion of the defective step, 
cells will arrest. Cell elongation results, followed by eventual cell death if 
permissive conditions are not restored. Mutants isolated with this 
phenotype have been termed cell division cycle (cdc) mutants, and were first 
isolated in S. pombe by Nurse et al (1976). 
Many of the key genes involved in the regulation and execution of 
the cell cycle in S. pombe have been isolated as cdc mutants, and their study 
has underpinned the growing understanding of the cell cycle. 
1.4D cut mutants 
Upon shift to their restrictive temperature, cdc mutants arrest, rather 
than undergo aberrant cell division.. Mutants which do attempt aberrant 
division have also been isolated. These are named cut (cell untimely torn) 
mutants, and were first isolated by Hirano et al (1986), and are mostly 
defective in mitosis. The isolation of cut mutants indicates that septation is 
not dependent on successful completion of mitosis. 19 different cut genes 
have been isolated at present (Samejima et al, 1993), although other mutants, 
e.g. top2 mutants (Uemura and Yanagida, 1984), also possess a cut 
phenotype. 
1.4E rad and hus mutants 
In a normal cell cycle, DNA synthesis is completed before mitosis is 
entered. If completion of DNA synthesis is prevented, entry into mitosis 
does not occur in wild type cells, revealing that entry into mitosis is 
dependent on completion of DNA replication, although this requirement is 
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cryptic in a normal cell cycle. This dependency is lost in certain cell cycle 
mutants (Nurse and Enoch, 1990), indicating the existence of pathways, 
termed checkpoints (Hartwell and Weinert, 1989), which mediate the 
dependency. When completion of DNA replication is prevented, 
checkpoint function, normally cryptic, prevents premature mitosis and is 
essential for cell viability. 
Therefore, genes involved in checkpoint pathways have been isolated 
by screening for mutants sensitive to hydroxyurea (HU), which prevents 
cells from replicating their DNA (Mitchison and Creanor, 1971). Wild type 
cells treated with HU do not enter mitosis, but hydroxyurea sensitive (hus) 
mutants have been isolated which have lost the ability to arrest prior to 
mitosis in response to HU treatment (Enoch et al, 1992). 
Similarly, some of the many radiation sensitive (rad) mutants that 
have been isloated in S .pombe have lost the ability of wild type cells to arrest 
prior to mitosis upon irradiation. UV irradiation directly damages DNA. 
The relationship between the DNA replication (HU-responsive) and the 
DNA damage (radiation-responsive) checkpoints is considered 
subsequently (see section 1.513). 
1.5 The cell cycle of the fission yeast Sclzizosaccharomyces pombe 
The mechanisms discussed in section 1.5 are summarised in 
figure 1.3. 
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The cell division cycle of S. pombe is controlled at 2 key points, the 
G2-M transition and a point in Gi termed Start. Commitment at Start to the 
mitotic cell cycle requires the action of the cdclO and cdc2 proteins. cdc2 is 
thought to associate with a Gi-specific cydin in order to execute its Gi 
specific function; this function is inhibited by rumi until the cell attains a 
minimum size requirement. 
The execution of the G2 function of cdc2 triggers entry into mitosis 
and requires phosphorylation of a threonine residue and dephosphorylation 
of a tyrosine residue (Tyr-15). The phosphorylation state of Tyr-15 depends 
on a balance between the action of the cdc25 protein phosphatase and the 
weel and miki protein kinases. Between Start and the initiation of 
replication, the G2 function of cdc2 is inhibited by rumi. While DNA 
replication is occurring, entry into mitosis is prevented by the action of the 
(radi-dependent) mitotic checkpoint. 
Completion of replication, and de-activation of the checkpoint, is not 
rate limiting for entry into mitosis in a normal cell cyde, hence S phase is 
followed by a G2 interval. When tyrosine dephosphorylation of cdc2 does 
occur, cdc2 associates with a G2 specific cyclin, cdc13, and mitosis is 
initiated. cdc13 is subsequently degraded, and cdc2 associates with rumi 




The concept of Start was originally defined in S. cerevisiae (see section 
1;6D) where it, rather than the G2-M transition, is the main point of control 
over the cell cyde. It has subsequently been applied to S. pombe. 
Start is located in G1, and is the point in the cell cycle at which 
S. pombe cells become committed to the implementation of a particular 
developmental pathway (Nurse and Bissett, 1981). The cell may conjugate, 
or commit itself to either mitotic or meiotic division. The initiation of S 
phase inevitably follows commitment at Start to the mitotic cell cyde. 
Two cdc genes are required for traverse of Start and subsequent entry 
into S phase in S. pombe. These are cdc1O and cdc2 (Nurse and Bisset, 
1981). cdc2 encodes the universal p34 protein kinase (reviewed in Nurse, 
1990). The requirement for cdc2 suggests that a p34-cyclin complex acts at 
Start, as it does in S. cerevisiae (see section 1.613). No biochemical evidence 
exists in S. pombe for the existence of a Gi-specific form of p34, but the cig2 
gene (also known as cyci 7) encodes a cydin that appears to be required in 
Cl (Connolly and Beach, 1994; Obara-Ishihara and Okayama, 1994). 
In S. pombe, one role of cdc10 at Start is the formation of transcription 
activating complexes, by associating with either the res1 or res2 gene 
products (see sections 1.6E, 7.3). In S. cerevisiae, the activation of 
homologous complexes is p34CDC28dependent  (Breeden and Nasmyth, 
1987). The role of these complexes in the subsequent transition from G1 to S 
phase is specifically relevant to this work, and is introduced more fully in 
section 1.6. 
Cells need to be a certain size to pass through Start but in S. poinbe, 
this requirement is cryptic except in small cells (see section 1.4B). The 
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brevity of both pre- and post-Start Cl is an impediment to the study of these 
phases of the cell cycle. 
Studies of the rum1 gene have provided an insight into how the cell 
ensures that commitment to mitosis at Start, and subsequent DNA 
replication, only occur once per cell cycle (Moreno and Nurse, 1994). Over-
expression of rum1 results in cells undergoing multiple rounds of DNA 
synthesis without intervening cell division. Cells with a DNA content of up 
to 64c have been observed. Cells carrying a rumi deletion (rumlA) in a wee 
background enter S phase prematurely, before the usual size requirement is 
attained. rumTh cdclO cells possess an even more extreme phenotype, and 
undergo repeated cell divisions without intervening rounds of DNA 
replication. These findings have been explained by the hypothesis that 
rumi possesses a dual role. According to this model, rumi interacts with 
cdc2 before Start; this prevents cdc2 from executing its Gi function and 
initiating DNA replication until the size requirement is met. Hence a rum1L 
strain undergoes premature S phase. But rumi also has a role post-Start, 
keeping cdc2 in a Cl/S form as opposed to a G2/M form. This prevents 
cdc2 from executing its G2 function (resulting in entry into mitosis) during 
post-Start Cl; once DNA replication has initiated, the mitotic checkpoint 
(see section 1.513) takes over this role. Thus, overexpression of rumi + results 
repeated rounds of DNA replication (cdc2 is permanently associated with 
rumi, and thus activated for repeated passage of Start). cdclO rum11 cells 
cannot arrest with cdc2 in its GuS form because they lack ruml, nor can 
they replicate their DNA (and thus activate the mitotic checkpoint); hence 
they cannot prevent the repeated execution of the G2 function of cdc2. 
Although the mechanism by which ruml functions is unclear, in 
higher eukaryotes a number of small proteins which inhibit cdk function 
have been identified (Nasmyth and Hunt, 1993; Toyoshima and Hunter, 
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1994). Although no known structural homology exists, they appear to 
perform an analogous role to that of the rum1 gene product. Additionally, 
the S. cerevisiae SDB25 gene encodes a small protein which appears to be 
involved in the M/G1 transition (Donavan et al, 1994) and which is an 
inhibitor of p34CDC28  function (Medenhall, 1993). 
1.5B Conjugation and meiosis 
The pati protein kinase (also known as rani) is essential for 
commitment to the mitotic cycle at Start, and inactivation of patl function 
regulates entry into the sexual cycle (Beach et al, 1985). patl appears to 
possess at least three functions, which are inactivated sequentially (Neilson 
and Egel, 1990): (i) nitrogen starvation inactivates one function of patl to 
trigger the transcription of mating pheromones and of pheromone receptors; 
(ii) receipt of pheromone from a cell of opposite mating type leads to 
conjugation, via the inactivation of a second pati function; (iii) the 
completion of conjugation triggers meiosis, via the inactivation of a third 
function of pall This is summarised in figure 1.4. 
The B-type cyclin cig2 (also known as cycl7+), which is required for 
Start in the mitotic cycle, has been isolated as a suppressor of the patl-114 
mutation, which renders cells defective in commitment to the mitotic cell 
cycle. Deletion of cig2+ enhances conjugation (under non-starvation 
conditions) and G1 arrest (in response to starvation). cig2 thus appears to 
negatively regulate conjugation and thus plays a key role in the cellular 
decision to enter either the mitotic cell cycle or the sexual response pathway 
at Start (Obara-Ishihara and Okayama, 1994). 
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The figure summarises the known steps of the sexual pathway in S. 
pombe cells of mating type P (h). 
The model of Neilson and Egel (1990) proposes that the pati protein 
kinase has at least three distinct roles, and that Gi arrest, conjugation and 
meiosis are regulated by their sequential inhibition. Cells starved of 
nitrogen arrest in Gi, and the capacity of pati to negatively regulate 
transcription of the matl-Pc and map1 genes is lost, leading to expression of 
map3 (Neilson and Egel, 1990)., which encodes the receptor for the mating 
pheromone secreted by M (1r) cells (Tanaka et al, 1993). Upon receipt of this 
pheromone, a signal is transduced by a regulatory pathway whose 
components include G proteins, rasi and a number of protein kinases 
homologous to MAP kinase and its activators; the activation of this 
pheromone response pathway results in the transcription of a number of 
genes (including gapi + and map3+) encoding components of the pathway in 
a process of positive feedback (Tanaka et al, 1993; Xu et al, 1994), 
conjugation, and inactivation of patl-mediated inhibition of mati-Pi 
transcription (Neilson and Egel, 1990, Neilson et a! 1992). Upon completion 
of conjugation, the mati-Pi gene product interacts with the mati-Mi gene 
product, supplied by the M cell, to positively regulate the mei3 gene. mei3 
inhibits the ability of pati to block mei2 function (reviewed in Egel et al, 
1990). mei2 (Watanabe and Yamamoto, 1994) then triggers entry into the 
meiotic cyde. 
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1.5C The G2-M transition 
In S. pombe, the universal p34 protein kinase is encoded by the cdc2 
gene (reviewed in Nurse, 1990). Entry into mitosis is triggered by execution 
of the G2 function of cdc2, and requires at least 3 separate events to occur; 
the formation of a complex with a B-type cyclin, dephosphorylation of the 
tyrosine 15 residue and phosphorylation of the threonine 167 residue 
(reviewed in MacNeill, 1994). 
The cdc13 gene encodes a B-type cyclin (Hagen et al, 1988; Solomon 
et al, 1988; Goebi and Byers, 1988) on which the activity of cdc2 is dependent 
(Moreno et al, 1989), and which co-precipitates with cdc2 prior to its 
destruction during mitotic anaphase (Booher et al, 1989; Moreno et al, 1989). 
cdc2 is also found complexed with a protein of unknown function, the sucl 
gene product (Brizuela et al, 1987), whose role is unclear. 
Tyrosine-15 phosphorylation (discussed in section 1.3B) is primarily 
controlled by a balance between the activity of the protein kinases encoded 
by the wee1 and mikP genes (Featherstone and Russell, 1991; Lundgren et 
al, 1991), and the protein phosphatases encoded by cdc25 and pyp3' (Millar 
et al, 1991; Millar et a!, 1992). weel function is itself negatively regulated by 
a protein kinase encoded by the nim1 gene (Coleman et al, 1993; Parker et 
al, 1993; Wu and Russell, 1993). 
The dependency of mitosis on DNA replication appears to be 
mediated via tyrosine phosphorylation of cdc2 (Enoch and Nurse, 1990, 
Enoch et al, 1992; see section 1.513). The dependency of mitosis on certain 
nutritional conditions has been shown to be specifically mediated via nimi 
and weel (Young and Fantes, 1987; Feilotter et al, 1991). It is not known 
what controls phosphorylation of Thr-167, although in higher eukaryotes, 
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cdc2-activating kinase (CAK), which phosphorylates cdc2 on Thr-167, has 
been isolated (Solomon et al, 1992). 
Human cdc2 can activate a human homologue of cdc25 in vitro by 
phosphorylating it (Hoffman et al, 1993). It can be speculated that a positive 
feedback loop involving cdc2 and cdc25 enables many eukaryotic cells to 
make a decisive switch from G2 to mitosis, although this has not been 
shown in S. pombe. 
Whereas the activation of cdc2 at the G2-M boundary is well 
characterised in S. pombe, subsequent cell cycle control is less dear. The in 
vivo targets of cdc2 at the G2-M boundary are unknown (see section 1.3B). 
Regulation of cell cycle progression during mitosis is also poorly 
understood. 
1.513 The mitotic checkpoint 
When DNA replication is inhibited, or when DNA is damaged, wild 
type S. pombe cells respond by arresting in G2. Among the radiation and 
hydroxyurea sensitive mutants that have been isolated in this organism, six 
have been shown to be defective in genes required for G2 arrest in response 
to either stimulus; rad1 (Al-Khodairy and Carr, 1992, Rowley et al, 1992); 
rad3, rad9, and rad17 (Al-Khodairy and Carr, 1992); rad26 (Al-Khodairy 
et al, 1994), and husi + (Enoch et al, 1992) 
Interestingly, the HU-responsive and radiation-responsive 
checkpoints appear to exist as distinct mechanisms, although both pathways 
utilise the same core checkpoint proteins (radl, rad3, etc.). 
I-IIJ-induced G2 arrest is affected by the phosphorylation state of the 
Tyr 15 residue of cdc2, and this response can be disturbed or abolished by 
certain cdc2, weel and cdc25 mutations (Enoch et al, 1990; Enoch et al, 1992). 
Phosphorylation on this residue has been shown to be important in the 
DNA synthesis checkpoint using Xenopus cell free extracts (Smythe and 
Newport, 1992), although it is not required in S. cerevisiae (Amon et a!, 1992; 
Sorger and Murray, 1992). 
Radiation-induced G2 arrest in S. pombe is independent of weeP, 
indicating that this checkpoint is not mediated via tyrosine phosphorylation 
(Barbet and Carr, 1993) Additionally, a further gene known as chk1 
(Walworth et a!, 1993) or rad27 (Al-Khodairy et al, 1994) is required for 
radiation-induced arrest but not for HtJ-induced arrest This gene encodes a 
putative serh'te-threonine protein kinase and was isolated as a suppressor of 
a cdc2 mutant (Walworth et a!, 1993), suggesting that it functions close to 
cdc2 in the mitotic control pathway (i.e., downstream of radi, rad9, etc.). It 
thus appears that two signals (incomplete DNA replication and radiation 
damage) prevent execution of the G2 function of cdc2, mediated initially via 
the same core checkpoint proteins but subsequently via different pathways 
(one involving Tyr 15, the other involving chk1). 
How might the core checkpoint proteins detect these signals? In the 
case of the response to incomplete DNA replication, three genes have been 
suggested to be required; cdc18 (Kelly et al, 1993), cdt1 (Hoftzpjt and 
Beach, 1993) and cut5 (Saka et a!, in press) cut5 has been shown 
specifically not to be required for the radiation-responsive checkpoint (Saka 
et a!, in press). Kelly et al (1993) suggested that cdc18 is part of a replication 
complex that assembles on DNA during S phase, whose presence is detected 
by the checkpoint mechanism. 
Cells carrying cdc2-3w mutations are defective in the HU-induced 
checkpoint; after treatment with FlU they lose viability while attempting 
mitosis after failing to complete the preceding S phase. But hus mutants die 
more rapidly upon HU treatment, while still in S phase. It thus suggested 
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that hus genes are required, after replication has been blocked, not only for 
the imposition of a G2 delay (effected by inhibiting cdc2 function), but also 
for survival in S phase (Enoch et al, 1992). 
The roles of these mitotic checkpoints and of rumi may be 
considered analogous. At different times in the cell cycle, each ensures the 
correct timing and ordering of cdc2-controlled cell cycle events. 
Interestingly, chkl deletion cells are unable to arrest in Cl (cited in Sheldrick 
and Carr, 1993), suggesting that this gene is involved in checkpoint 
mechanisms regulating passage of Start and of the G2-M boundary. 
1.6 Transcriptional regulation at the Cl-S boundary 
1.6A cdc.22 and suc22 encode the large and small subunits of 
ribonucleotide reductase in S. pombe 
The cdc22 gene in S. pombe is required around the time of the G1-S 
boundary (Nasmyth and Nurse, 1981) and encodes the large subunit of 
ribonucleotide reductase (Fernandez-Sarabia et al, 1993). The suc22 gene 
encodes the small subunit of the same enzyme (Fernandez-Sarabia et al, 
1993). Ribonudeotide reductase (RNR) is an essential enzyme for DNA 
precursor metabolism in all organisms (Thelander and Reichard, 1979). 
Consistent with this, deleting either cdc22 or suc22 in S. pombe is lethal. 
suc22 has two transcripts, and the smaller transcript is constitutively 
expressed (Gordon and Fantes, 1986). The large transcript has very low 
basal levels of expression but is induced by treatment with HU (Fernandez-
Sarabia et al, 1993), which specifically interferes with RNR, and thus blocks 
cells in S phase (Mitchison and Creanor, 1971), and by treatment with the 
UV-mimetic drug 4-nitroquinoline oxide (P. Harris, personal 
communication), which directly damages DNA (Ikeneda et al, 1975). The 
response to DNA damage has been shown to be rad1-dependent, and 
independent of the time in the cell cyde where damage is inflicted (P. 
Harris, personal communication). This suggests that the mitotic checkpoint 
is sensing the damage to the DNA and activating transcription of suc22 
large transcript. The response to HU is also rad1-dependent but is only 
seen in cells in S phase (P. Harris, personal communication). 
cdc22 is periodically expressed, with transcript levels peaking 
around the time of the G1-S boundary (Gordon and Fantes, 1986). 
Additionally, cdc22 transcript levels rise when cells are subjected to the 
same conditions as those which lead to induction of the suc22 large 
transcript, and with a similar dependence on rad1 (Fernandez-Sarabia et al, 
1993; P. Harris, personal communication). 
It has recently been shown (C. Mclnerny, personal communication) 
that the large suc22 transcript is also periodically regulated, which was not 
previously observed because the peak level of transcript during the cell 
cyde appears much lower than that of cdc22. This was not known when 
this work was begun and the implications of this are discussed where 
relevant. 
An analysis of the promoter of the cdc22+ gene revealed the presence 
of 9 MCBs within 500 bases upstream of the translational start site (Lowndes 
et al, 1992b; C. Mclnerny, personal communication). The MCB is a 6 
nucleotide element located upstream of many genes expressed at the Cl-S 
boundary in S. cerevisiae, (see section 1.60. These include the genes 
encoding subunits of RNR in this organism but also a larger number of 
genes than have been shown to be periodically expressed in S. pombe. The 
distribution of MCBs within the cdc22 promoter is shown in figure 1.5. 
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9 MCBs are located upstream of the S. pombe cdc22 gene. They are 
illustrated in the figure with respect to the coding region and the 
transcriptional start site (C. Mdnerny, personal communication). MCBs 
are indicated by vertical lines descending from the map; thick lines 
indicate Mlu I restriction sites. Transcriptional start is indicated by 
vertical lines ascending from the map. 
transcriptional start, and one of four MCBs located downstream of 
transcriptional start, with an isolated MCB located just upstream of 
transcriptional start, between the two dusters (C. Mclnerny, personal 
communication). 
1.6B Regulation of genes encoding subunits of RNR in S. cerevisiae 
In S. cerevisiae, three genes encoding subunits of RNR have been 
isolated; RNR2 encodes the small subunit (Hurd et al, 1987; Elledge and 
Davis, 1987) and RNR1 and RNR3 each encode versions of the large subunit, 
with 80% amino acid identity (Elledge and Davis, 1990). RNR3 is usually 
transcribed at very low levels and the gene is not required for cell viability 
(Elledge and Davis, 1990). RNR1 is periodically transcribed at the G1-S 
boundary (Elledge and Davis, 1990) and contains four MCB elements 
upstream of translational start (Elledge et al, 1993). RNR2 contains one 
sequence approximating to an MCB upstream of the coding region and is 
expressed with a weak periodicity (Hurd et al, 1987; Elledge and Davis, 
1987). RNR3 possesses two MCBs but its transcript is insufficiently 
abundant to enable its periodicity to be determined (Elledge et al, 1993). 
Expression of all 3 genes can be induced by a range of signals 
including DNA damage, the action of the drug HO or by mutations in a 
range of genes, including the DNA polymerases POLl and POL3. It thus 
appears that DNA damage and inability to replicate DNA (and not simply 
nucleotide depletion) both serve as signals leading to the induction of these 
genes (which varies from 3-5 fold for RNR1 to 100-500 fold for RNR3; 
reviewed in Elledge et al, 1993). Induction in response to both classes of 
stimuli has been shown to be dependent on the action of the protein kinase 
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Duni, suggesting the existence of at least a partial overlap between the 
mechanisms conveying both responses (Thou and Elledge, 1993). 
MCBs, though capable of conferring periodic expression upon a 
heterologous reporter gene in S. cerevisiae, are not capable of mediating a 
response to DNA damage. A 70 bp region of DNA capable of this function 
has been isolated, the DRE (damage response element), but the proteins 
which bind this in vivo are not known, nor have the required sequences 
within the DRE been established (Elledge and Davis, 1989; Hurd and 
Roberts, 1989). 
1.6C MCB control of gene expression in S. cerevisiae 
In S. cerevisiae, at least 21 genes have been identified that are 
periodically expressed at the G1-S boundary, most of which are required for 
DNA synthesis (reviewed in Johnston, 1992). Most of these are located 
downstream of (typically two or three) MCB elements. Originally, the MCB 
(Mlu I Cell cyde Box) was identified as a hexamer corresponding to the 
sequence of the target site of the restriction endonuclease Mlu I (ACGCGT). 
Subsequent analysis has shown that conservation extends beyond this motif 
to include a purine at position 8, a better description of the conserved motif 
being ACGCGNNPU (McIntosh et al, 1991), with the CGCG core almost 
always conserved and with a strong preference for thiamine at position 6 
and adenine at position 8 (reviewed in Johnston and Lowndes, 1992). 
A synthetic trimer of ACGCGT Mu I) hexamers, separated by 
CTCGAG (Xho I) spacers, can confer periodicity of expression upon a 
downstream reporter gene. A single hexamer cannot do this (Lowndes et al, 
1991), while there are conflicting reports on the ability of a single motif to 
confer periodicity if it additionally contains a purine at position 8 (McIntosh 
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et al, 1991; Johnston and Lowndes, 1992). Mutating the central GC of the 
hexamer to TA abolishes periodicity of transcription (Lowndes et al, 1991). 
Similarly, MCBs have been deleted from the promoter sequences of three 
periodically expressed genes (CDC21, CDC9 and POLl); periodicity has 
been abolished, and the level of expression greatly reduced in each case 
(McIntosh et a!, 1991, Lowndes et al, 1991, Gordon and Campbell, 1991). 
A protein complex has been identified that specifically binds MCBs 
(and which will recognise the synthetic hexamer trimer), and has been 
named DSO (for DNA Synthesis Control; Lowndes et a!, 1991) or MBF 
(Mlu I binding factor; Dirick et al, 1992). The Swi6 (Lowndes et a!, 1992a, 
Dirick et al, 1992) and Mbpl (Koch et a!, 1993) proteins have been identified 
as components of this complex. DSO will not bind MCBs whose central GC 
core has been mutated to TA (Lowndes et al, 1991). The binding of DSO 
has been reported to be periodic, co-incident with gene expression 
(Lowndes et al, 1991), although aperiodic binding has also been reported 
(Dirick et al, 1992). The number of MCBs required for DSC1 binding, and 
the effect of a purine at position 8 in addition to the Mlu I hexamer, has also 
been disputed (Lowndes et al, 1991, Verna et al, 1991; reviewed in Johnston 
and Lowndes, 1992). 
There are three MCBs located upstream of the SWI4 gene, and SWI4, 
and a reporter gene under the control of the SWI4 promoter are both 
periodically expressed. However, the regulation of SWI4 expression is less 
simple than that of other genes under MCB control in S. cerevisiae. The 
removal of the MCBs from the SWI4 promoter sequence reduces the level of 
gene expression but without abolishing periodicity. The ability of both the 
natural and the altered promoters to confer periodicity is lost in swi6 
mutants, suggesting the existence of an additional sequence in the SWI4 
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promoter, in addition to MCBs, capable of conferring Swi6-dependent 
periodicity (Foster et al ,1993). 
In swi6 mutants, both the natural and the altered SWI4 promoters 
confer aperiodic expression upon a downstream reporter gene; the level of 
expression is reduced in the case of the promoter lacking MCBs (Foster et al, 
1993). 
1.6D Start and the initiation of S phase in S. cerevisiae 
In S. cerevisiae, many genes involved in DNA synthesis are located 
downstream of 	MCB elements and are expressed at the G1-S 
boundary. Another set of genes, also periodically expressed at G1-S, are 
located downstream of elements named SCBs (for Swi4, 6-dependent Cell 
cycle Boxes, previously known as CCBs), which consist of a conserved 
octamer, CACGAAAA (reviewed in Andrews and Herskowitz, 1990). A 
specific complex binding SCBs has been identified (named SBF, for SCB-
Binding Factor, previously known as CCBF), which, like DSCI, contains 
Swi6 (Taba et a!, 1991). Swi6 can recognise DNA but not in a sequence-
specific manner (Lowndes et a!, 1992a); swi6 deletions are viable, but 
periodic transcription at the G1-S boundary does not occur (Lowndes et a!, 
1992a, Dirick et a!, 1992). The Swi4 protein is partially homologous to Swi6 
(Breeden and Nasmyth, 1987) and is also a component of SBF (Taba et a!, 
1991). These observations can be explained if Swi4 and Mbpl direct the 
specificity of SBF and DSC1 respectively, while Swi6 receives the signal that 
results inactivation of both complexes outwith Cl/S. SWI4 (Foster et al, 
1993; see section 1.6C) and SWI6 (Breeden and Mikeseil, 1991) are 
themselves periodically transcribed. 
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Periodic transcription of genes under SCB control is dependent on 
the function of p34CDC28  (Breeden and Nasmyth, 1987). Swi6 is an in vivo 
phosphoprotein, contains potential p34C1)C28  target sites, and is an in vitro 
substrate of p34C&2+  (cited in Lowndeg et al, 1992a), suggesting that SBF 
activity may be regulated by phosphorylation by Cdc28. The situation is 
more complex, however, because two Cl cydlins, which interact with Cdc28 
to ensure passage through Start, are themselves under SCB control 
(Wittenberg et al, 1990; Ogas et al, 1991). Ectopic expression of either CLN1 
or CLN2 is sufficient to rescue the lethality of a sw4 swi6 double deletion 
(Nasmyth and Dirick, 1991), suggesting that the primary role of SBF is 
transcription of CLNs. Passage of Start and the subsequent transition to S 
phase thus appear to be controlled by a positive feedback loop (Cross and 
Tinkelenberg, 1991, DiriCk and Nasmyth, 1991), whereby SBF is activated by 
a Cdc28-cyclin complex, leading to transcription of cydin and subsequent 
conversion of more Cdc28 into its active, cydlin-associated form. Such a 
mechanism would ensure that the passage of Start is an irrevocable shift, 
and that the pathways located downstream of Cdc28 function (including 
DSC1-mediated transcription of DNA synthesis) are switched from inactive 
to fully active states. 
It has been suggested that post-Start deactivation of the SBF complex 
may be dependent on the action of Clbl and Clb2. Clbs are periodically 
expressed, B type cyclins which are partially redundant and which function 
after Start. Clbl and C1b2 appear to be required for mitotic spindle 
formation (Fitch et al, 1992; Richardson et al, 1992). A c1b2 mutation was 
isolated and used to replace the endogenous CLB2 gene in a cibi c1b3 c1b4 
triple deletion strain. At restrictive temperature, expression of genes under 
DSC1 control is periodic, as normal, but genes under SBF control are 
constitutively expressed throughout the cell cyde (Amon et a!, 1993). The 
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model proposed is that Cdc28-Cln complexes and SBF are components of a 
positive feedback loop which drive the cell through Start; progression 
through the cell cycle leads to CLB transcription; and this, m turn, causes 
inactivation of SBF, perhaps via Swi4. 
1.6E The role of cdclO in the periodic expression of cdc22' in S. pombe 
The MCBs present in the promoter of the cdc22 gene of S. pombe are 
all 5/6 or 6/6 matches to a perfect Mlu I restriction endonudease site, with 
the central 4 bases (CGCG) present in each copy of the motif. There is no 
evidence of a conserved purine at position 8. The number of MCBs is 
considerably greater than the two or three typically found upstream of 
genes under MCB control in S. cerevisiae (reviewed in Johnston and 
Lowndes, 1992). Lowndes et al (1992b) investigated the role of MCBs in 
S. pombe and demonstrated that a synthetic trimer of 3 Mlu I sites, separated 
by Xho I sites, would direct periodic transcription of a lacZ reporter gene. 
This matched observations made in S. cerevisiae (Lowndes et al, 1991), 
although the effect of a single MCB was not tested in S. pombe. 
Lowndes et al (1992b) also identified a DSC1-like activity in S. pombe; 
in this text, this is referred to as DSC1SP (for DNA Synthesis Control in 
S. pombe). DSC1SP bound the synthetic trimer and also the duster of four 
MCBs located upstream of cdc22 but not a mutated trimer (where the 
central CC of each MCB was converted to TA), nor to the downstream 
duster of four MCBs (see figure 1.3). However, the downstream duster will 
serve as a competitor in binding assays using the upstream duster as 
substrate (C. Mclnerny, personal communication). DSC1SP binds 
continuously during the cell cycle, although in wee mutant cells, which have 
an extended Gi period, the complex cannot be detected during an interval 
corresponding with early Gi (Reymond et al, 1993). Binding may also be 
periodic in wild type S. pombe cells, but not observable due to the brevity of 
Cl; alternatively, periodic binding may be a specific property of wee 
mutants. 
DcJlSp contains the product of the cdcl O gene (Lowndes et al, 
1992b), which is required for passage of Start (Nurse and Bisset, 1981). 
cdc1O encodes a phosphoprotein (Simanis and Nurse, 1986) that is 
homologous to the S. cerevisiae proteins Swi4 and Swi6, especially the latter 
(Breeden and Nasmyth, 1987; Obara-Ishihara and Okayama, 1994). DSC1SP 
extracted from cdclOts mutants is thermolabile or absent (Lowndes et al, 
1992b). 
While this work has proceeded, more light has been shed on the 
nature of DSC1SP and its target genes, and this information is considered 
where appropriate in the text. 
1.6F Transcriptional regulation in higher eukaryotes: homologous and 
analogous systems to regulation of cdc22 in S. pombe 
Swi4 and Swi6 are not the only proteins to display homology to 
cdcl0. A wide range of proteins including cdciO possess a conserved region 
that has been named the ankyrin/cdclO/swi6 motif. Most interestingly, 
these include proteins known to bind DNA including subunits of the human 
transcription factors NFKj (Kieren et al, 1990, Bours et a!, 1990, Haskill et a!, 
1991), and GABP (LaMarco et a!, 1991). A model has been put forward for 
the interaction of GABP with DNA which may serve as a general model for 
all transcription factors of this type. It suggests the formation of 
heterotetrameric complexes with an a202  structure, in which both types of 
subunit contact the DNA (Thompson et a!, 1991). 
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In the mammalian cell cycle, co-ordinate expression of many genes 
occurs as cells emerge from the quiescent state, prior to DNA synthesis. 
Expression of some of these genes is absolutely required for cell cyde 
progression, and many contain binding sites for the transcription factor E2F 
(reviewed in Nevins, 1992). How E2F is activated during Cl is unclear, but 
it associates with a cdk2-cydlln E complex in Gi, and with a cdk2-cydin A 
complex in S phase (Lee et al, 1992). It has additionally been shown that 
overexpression of E2F is capable of driving a cell into S phase (Johnson et al, 
1993). There are dearly analogies between this system and the feedback 
loop observed at Start in S. cerevisiae. 
The E2F binding site (1TFCGCGC) has some resemblance to MCBs, 
and conserved residues exist in the DNA binding domains of E2F-1, DP-1 
(which recognises the E2F binding site), cdcl0 and Swi4. Although the 
degree of conservation is weak, a degenerate consensus motif is specific to 
these proteins (La Thangue and Taylor, 1993). 
The two genes encoding subunits of ribonudeotide reductase in 
mouse both have periodic transcripts (Bjorklund et al, 1990), but they are 
regulated differently from cdc22. The level of the small subunit (R2) does 
vary during the cell cycle, but the periodicity of the R2 transcript is a result 
of premature transcriptional termination outside G1-S, not the result of 
altered rates of transcriptional initiation (Bjorklund et a!, 1992). The large 
subunit (Ri) is stable and is present at a constant level throughout the cell 
cycle, although this level does change according to whether the cell is 
proliferating or quiescent (Mann et a!, 1988); the mechanism which causes 
periodic expression of its transcript has not been shown. 
In embryos of the fruit fly Drosophila, a programmed wave of gene 
expression around the Cl-S boundary has also been observed, including 
expression of genes encoding the subunits of ribonudeotide reductase in 
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this organism (Duronio and O'Farrell, 1994). Periodic expression is seen in 
response to developmental signals even if the cell cycle is blocked. 
Interestingly, over-expression of cyclin E leads to transcription of RNR 
(Duronio and O'Farrell, 1994). It is possible that the mechanism that results 
in periodic expression of RNR in Drosophila is similar to E2F-mediated 
activation of transcription in mammalian cells. 
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1.7 Enhancer sequences in eukaryotic organisms. 
Initiation of transcription in eukaryotic organisms requires two 
classes of trans- acting factors. The basal transcription machinery is 
universal and consists of several multi-subunit protein factors, including the 
RNA polymerase, which assemble at specific DNA sequences dose to the 
transcriptional start site to form a complex capable of transcribing DNA. 
Some stages in the assembly and activation of this complex require the 
hydrolysis of ATP or GTP (reviewed in Conaway and Conaway, 1991). 
The basal trans- factors and cis- target sequences are insufficient for 
transcription to occur except at a very low rate; further upstream cis-acting 
sequences, and the trans-factors which specifically bind them, are required 
for normal transcription. Different combinations of cis-elements are found 
upstream of different genes, enabling their differential regulation. In higher 
eukaryotes, these elements are split into two classes: upstream promoter 
elements, which are located within a few hundred bases of transcriptional 
start and which are position and orientation dependent, and enhancer 
sequences (reviewed in Ptashne, 1988) Enhancers function independently of 
orientation, and may be located either upstream or downstream of the gene 
at a distance of up to several kilobases; many enhancers possess a modular 
structure, consisting of many adjacent or overlapping protein binding sites 
(Dyman, 1989). These binding sites are frequently palindromic, as many 
transcription factors bind to their target sites as dimers (Pabo and Sauer, 
1992). Enhancers are believed to function according to one of two models. 
Either protein binding at the enhancer is necessary to effect a change in 
chromatin structure, required to allow other trans-factors to bind DNA 
(reviewed in Becker et a!, 1994), or the protein bound at the enhancer 
interacts physically with the components of the basal transcription 
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machinery to enable assembly of the active, transcription complex (Ptashne, 
1988). 
In the budding yeast Saccharomyces cerevisiae, short (typically 10-30 
nucleotide) trans-factor binding DNA sequences named Upstream Activator 
Sequences WAS) have been identified. These have been found between 100 
and 1500 nucleotides upstream of transcriptional start, and within this range 
they function independently of position and orientation, although, unlike 
enhancers, they are unable to function downstream of the gene. UASs are 
usually the major determinant of the regulation properties of the gene under 
their control (reviewed in Struhl, 1987,1989). MCBs and SCBs are both 
Upstream Activator Sequences. 
Several mammalian enhancer-binding transcription factors have been 
shown to have homologues in yeast which bind to UASs; furthermore, 
there is some evidence suggesting conservation of function as well as of 
structure. For example, the mammalian fos oncogene, required for the 
cellular response to serum stimulation, binds an identical DNA sequence as 
the yeast Manl protein, which functions in the pheromone-response 
pathway (Guarente and Bermingham-McDonagh, 1992). 
There is no paradigm for the nature of a UAS sequence, but a number 
of UAS5, for example the Ga14 and Gcn4 binding sites, possess imperfect 
dyad symmetry; Gcn4 has been suggested to bind its target site as a dimer, 
with each subunit binding one half site of the motif (Struhl, 1987). 
1.8 Aims of project 
The aim of this work was to investigate the regulation of 
transcription of the cdc22 gene during the cell cycle and under certain 
conditions of cell cycle arrest; to attempt to identify novel cis-elements 
TIP 
potentially involved in the regulation of cdc22, and to investigate the role of 
particular MCB elements present within the natural promoter of this gene. 
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2.1 	General 
AR grade reagents were used for all procedures, except where 
otherwise specified. These were routinely obtained from Sigma, Fisons and 
BDH. A number of stock solutions (see below) were made from these and 
used in a variety of procedures, or as components of other solutions. Stock 
solutions (and other solutions described in the text) were routinely made 
using distilled water and autoclaved prior to use. Solutions unsuitable for 
autoclaving (mentioned in text) were filter sterilised, using plastic syringes 
in conjunction with Gelman Acrodisc 0.2 pM filters (Fisons KDQ-105-030L). 
All procedures described in sections 2.2-2.5 were routinely performed 
in 1.5 ml microcentrifuge tubes, except where otherwise stated. 
Salt solutions: 
I M Calcium chloride 
1 M Magnesium chloride 
1 M Magnesium sulphate 
1M Potassium chloride 
1 M Potassium hydroxide 
5 M Sodium chloride 
10 M Sodium hydroxide 
0.5 M Di-sodium hydrogen orthophosphate 
0.5 M Sodium di-hydrogen phosphate 
Other solutions: 
The following solutions were made according to the recipes described in 
Sambrook et al (1989). 
1 M Tris.C1 (2-amino-(hydroxymethyl)-1,3-propandiol/HC1) pH 7.0/7.5/8.0 
0.5 M EDTA (ethylene diaminetetra-acetic acid disodium salt dihydrate 
pH 8.0) 
5OxTE (Tris-EDTA) pH 8.0 
5OxTAE (Tris-acetate) 
1OxTBE (Tris-borate) 
3 M Sodium acetate pH 4.6/5.2 
KO ff--lq- 
20% SDS (sodium dodecyl sulphate) 
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3 M Potassium. 5 M Acetate solution: 
Potassium acetate 




to 100 ml 
 
10 mg/ml DNA'ase-free RNA'ase A: 
1MTris.0pH8.0 
5 M NaC1 
RNA'ase A 
H20 
Heated to 100°C for 15 minutes 





Cooled slowly to room temperature; stored as 100 p1 aliquots. 
100 mM Dithiothreitol: 
Dithiothreitol 	 (Sigma D 9779) 	 15.4 mg 
H20 	 1 m 
10 mg/ml Ethidium bromide: 
Ethidium bromide 	 (Sigma E 8751) 	10 mg 
H20 	 1 m 
2.2 Nucleic add manipulations 
2.2A Agarose gel electrophoresis. 
Agarose gel electrophoresis was performed as described in Sambrook 
et al (1989). Typically, a 0.7% agarose (Sigma A6877) gel was 
electrophoresed for 1 hour at 75 V. Loading buffer was added to samples 
prior to their loading onto the gel. Nucleic acids were visualised after 
electrophoresis under UV illumination after staining for 20 minutes in a 500 
ng/ml solution of ethidium bromide. 
The size of DNA molecules was estimated by comparing their 
mobility to that of fragments of known size. A Hind III digestion of 
bacteriophage lambda DNA (Boehringer Mannheim 236-250) and a ladder 
of fragments each differing in size by approximately I kb (Gibco-BRL 15615-
016) were commonly loaded onto agarose gels for this purpose. 
The control template from the Pharmacia 17 sequencing kit 
(Pharmacia 27-1682-01) was used as a size marker for single stranded DNA. 
Loading buffer: 
This was made as a 6x stock as follows: 
Sucrose 	 2 g 
Bromophenol blue 	 (BDH 20017) 	 12.5 mg 
H20 	 3 ml 
Solution stored in 1 ml aliquots. 
2.2B Purification of DNA molecules from agarose gels 
DNA molecules of over 500 nucleotides were separated from other 
DNA molecules, and purified, according to the following procedure, which 
is based on that of Vogelstein and Gillespie (1979): 
The DNA was electrophoresed on an agarose gel. 
The gel was stained with ethidium bromide, visualised under UV 
illumination, and a slice of agarose containing the desired molecule cut 
from the gel and weighed. 
2. 	The DNA was extracted from this slice using a GeneClean kit (Bio 101 
Incorporated 3016) in accordance with the manufacturers' instructions. This 
procedure produced DNA ready for subsequent use without requiring 
further purification. 
2.2C Purification of DNA by phenol extraction 
Protein was extracted from a solution of DNA by the addition of an 
equal volume of "phenol-chloroform", a 1:1 mixture of phenol and a 24:1 
mixture of chloroform : isoamyl alcohol USA). The tube was vortexed for 5 
seconds and centrifuged (5 minutes at 13000 rpm), after which the aqueous 
phase (containing the DNA) was decanted to a fresh tube. The organic 
phase and the interface were discarded. The process was repeated for better 
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results. 
In some procedures (specified in the text), DNA was extracted once 
with phenol, once with phenol-chloroform and once with a 24:1 mixture of 
chloroform: ISA, as an alternative to using "phenol-chloroform". 
Phenol (Fisons P/2360) was equilibrated to an alkaline pH before use 
in these procedures, as described in Sambrook et al (1989). 
2.2D Sodium acetate/ethanol precipitation of nucleic acids 
Nucleic adds were precipitated from solution by the addition of 0.1 
volume of 3 M sodium acetate, pH 5.2. The solution was then vortexed and 
2 volumes of 100% EtOH were added. The tube was placed at -70°C for 30 
minutes, centrifuged at 4°C (15 minutes at 13000 rpm), and the supernatant 
discarded. 
Subsequent to precipitation, 1 ml of 70% ethanol was added to wash 
the pellet, the tube was re-centrifuged at 4°C (5 minutes at 13000 rpm) and 
the supernatant discarded. The pellet was then dried under vacuum, and 
re-dissolved in water or 1xTE. 
Efficiency of precipitation of oligonucleotides and other small pieces 
of DNA was increased by adding 1 il of a 20 jtg/tl solution of glycogen 
(Boebringer Mannheim 12463420), a carrier molecule, to the DNA prior to 
the addition of ethanol. 
2.2E Restriction endonudease digestion of plasmid DNA 
Plasmid DNA was digested using restriction endonudeases supplied 
by Boebringer Mannheim according to the manufactures instructions and 
the protocols described in Sambrook et al (1989). 
2.2F Treatment of linearized DNA with alkaline phosphatase 
5' phosphate groups at each end of a linear DNA molecule were 
removed by treatment with alkaline phosphatase in order to prevent self-
ligation in a subsequent ligation reaction. 
DNA was first restriction endonudease digested, then treated with 
alkaline phosphatase prior to phenol-chloroform extraction. The following 
procedure was scaled up for larger reaction volumes. 
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1. 	The following components were added to a microfuge tube: 
Digest 	 in 10 L1 




1OxCIP buffer (supplied with CIP enzyme) 	 50 
Calf intestinal phosphatase (CIP) I unit/pi 
(Boehringer-Mannheim 713023) 2p1 
2. 	The reaction was incubated at 37°C for 30 minutes, when a further 
2  of UP was added. 
3. 	The reaction was incubated for a further 30 minutes at 37°C, and was 
then stopped by adding 300 p.1 of Stop solution. 
4. 	The DNA was extracted twice with phenol-chloroform (see section 
2.2C) 
S. 	The DNA was sodium acetate precipitated, and the pellet was 




1 M Tris.Cl pH 7.5 100 
0.5MEDTA 2  
H20 923p.l 
2.2G Infilling of recessed 3' termini with Kienow polymerase 
Restriction endonuclease sites were removed from DNA by cutting 
the DNA with that enzyme, milling the recessed 3' termini with Klenow 
enzyme (Boehringer Mannheim 1008-404) and then performing a blunt 
ended ligation (see section 2.21). This technique was performed as described 
in Sambrook et al (1989). 
2.2H Treatment of PCR products with proteinase K 
Prior to cloning a PCR product (see section 2.2L), the reaction mix (in 
100 p.1 volume) was transferred into a 1.5 ml microfuge tube, 1 p.1 of a 20 
p.g/rnl solution of proteinase K (Boehringer Mannheim 1413-783) was added 
and the tube was incubated at 37°C for 30 minutes. The DNA was then 
extracted once with phenol, once with phenol-chloroform and once with 
chloroform, and sodium acetate precipitated; the pellet was washed, dried 
and resuspended in water or IxTE. This method is based on that of Crowe 
et al (1990). 
2.21 Ligation of DNA fragments 
DNA fragments may be ligated, if they have compatible "sticky" 
termini resulting from restriction enzyme digest, or if they have blunt ends. 
Both reactions were performed according to the protocols described in 
Sambrook et al (1989). After performing the reaction, the ligation mix was 
either used directly to transform E. coli, or cleaned by phenol-chloroform 
extraction prior to subsequent use. 
2.2J Ligation of annealed oligonucleotides 
Short DNA sequences to be cloned into a vector were produced 
synthetically. Oligonucleotides were designed which could self-anneal to 
form a short, palindromic, double stranded molecule with overhanging 
termini; these termini were designed to be cohesive with the termini 
produced from digestion of vector DNA with a particular restriction 
endonudease. In order to perform a subsequent ligation reaction with a 
phosphatase-treated vector (see section 2.2F), it was necessary to add 5' 
phosphate groups to the oligonudeotides prior to performing the annealing 
reaction. 
Phosphorylation of oligonudeotides: 
The following components were mixed in a microfuge tube: 
Oligonudeotide 	 200 pM 
H20 	 to5ILl 
PNK buffer (supplied with polynudeotide kinase) 	 1 .tl 
32P-yATP 	 3 
Polynudeotide kinase 	(Boehringer Mannheim 174645) 	1 jtl 
The tube was heated at 37°C for 45 minutes. 
The reaction was heat inactivated at 65°C for 15 minutes. 
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Annealing and ligation of oligonucleotides: 
The following components were mixed in a 500 il microfuge tube: 
Phosphorylated oligonudeotide' 	 6-9 jd 
Annealing buffer2 	 1 d 
H20 	 tolop.l 
Notes: 1. 	A portion of the crude reaction mix from the 
phosphorylation reaction was used directly in the 
annealing reaction. 
	
2. 	Component of Bio-rad Muta-Gene Enzyme Refill Pack 
(Catalog No. 170-3574) 
The tube was heated at 95°C for 15 minutes, then allowed to cool 
slowly. 
Ligation was performed as normal, with a 3:1 ratio of molecules of 
vector: molecules of annealed oligonudeotide. 
2.2K Oligonucleotide-directed site-specific mutagenesis 
Oligonudeotides (see section 2.6B) homologous to a region of DNA 
but containing mismatched bases were used to introduce specific mutations 
into DNA. Oligonudeotides used to perform this procedure varied from 36 
to 78 bases in size and were used to alter between 2 and 8 bases at up to 4 
locations. Mutagenesis was performed using the Bio-rad mutagenesis kit 
(Catalog number 170-357) kit in accordance with the manufacturers' 
instructions. If the mutagenesis had been intended to remove a restriction 
endonudease site, DNA was screened by restriction digest; additionally, 
DNA sequencing was performed. 
2.2L The polymerase chain reaction (PCR) 
PCR was used in order to repeatedly amplify a region of DNA, using 




1. 	The following mixture was set up in a 0.5 jt1 microfuge tube: 
Plasmid DNA1 	 100 ng 
Oligonucleotide primers, as supplied 2 	 0.6 ILl 
Taq reaction buffer (supplied with Taq polymerase) 	 lop 
MgO solution (supplied with Taq polymerase) 	 100 
dNTP mix3 	 16 iii 
H20 	 to 99.5 0 
Taq. polymerase 
	
(Pharmacia M1816) 	0.5 p.1 
To prevent evaporation the mixture was overlaid with 100 p.1 of light 
mineral oil (Sigma M3516). 
Notes: 	1. 	S. pombe genomic DNA was also used as a substrate in 
PCR, typically 500 ng-2.5 pg. 
Oligonucleotides were supplied (see section 2.18) at a 
usual concentration of approximately 0.6-1 pg/mi. 
Typically, primers of 18-28 bases were used. 
Oligonudeotides with non hybridising DNA, 
containing a restriction site (not present in the target 
sequence) at each end were also used, to allow the 
subsequent cloning of the PCR product. 
A solution containing each dNTPs at a concentration of 
1.25 mM was made from 100 mM dNTP stocks 
(Pharmacia 27-2035-01). 
2. 	The tube was placed in a thermal cycler and the following program 








(denaturation) 	2 minutes 
(annealing) 2 minutes 
(elongation) 	2 minutes 
5 minutes 
Hold 
3. 	The aqueous layer was removed from beneath the mineral oil, and 
purified by extraction with phenol-chloroform (see section 2.20. If the 
product contained linkers for restriction endonudease-digestion, proteinase 
K treatment (see section 2.2H) was first performed. 
2.2M DNA sequencing, and gel electrophoresis of DNA sequencing 
reactions 
DNA sequencing reactions were performed using the Pharmacia 17 
sequencing kit (catalogue number 27-1682-01) in accordance with the 
manufacturer's instructions. The "read short" reagents were invariably 
used. Single stranded DNA (see section 2AH), and double stranded DNA, 
produced by either maxi-prep (see section 2.4G) or Wizard mini-prep (see 
section 2.4F), were used as templates. When sequencing PCR products, a 
number of different clones were sequenced because it is possible that 
particular clones contain PCR-induced errors. 
Sequencing reactions were analysed by performing acrylamide gel 
electrophoresis. The method was that of Sambrook et al (1989), except that a 
gradient buffer gel was not used; instead, gels were invariably poured using 
6% acrylamide and 50% urea in 1xTBE. Gels were typically pre-run for 30 
minutes at 43 W prior to electrophoresis, which was also typically 
performed at 43 W. 
After electrophoresis, the gel was transferred onto moist 3 MM paper 
(Whatman 303917). The gel was covered with cling film and dried at 80°C 
for 90 minutes, placed in an autoradiography cassette and exposed to blue-
based film (Kodak X-Omat LS, Sigma F0899), typically for 1-3 days, at room 
temperature. 
2.3 Transfer of nucleic acids to membranes for analysis by 
hybridisation to radio-nucleotide labelled probes 
2.3A Southern blot analysis 
Southern blot analysis was performed to check the integration of 
plasmid DNA into the S. pombe genome. 
1. 	10 gg of S.pombe genomic DNA (see section 2.16A) were digested for 
6 hours in a 30 il reaction volume, in the presence of appropriate restriction 
enzymes (30-40 units of each). In order to establish integration of a plasmid, 
in the appropriate location, enzymes were typically chosen which do not cut 
the plasmid, which cut within the probe sequence, and which cut within the 
plasmid (but outwith the probe). 
50 
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Size markers were prepared. A plasmid containing sequences 
hybridising to the probe was digested with enzymes producing fragments 
of known size; 2 ng of a single hybridising fragment provided a similar 
loading to that of a single sequence in the S. pombe genome. Alternatively, 
size markers (Gibco-BRL 10071-017) were end-labelled according to the 
manufacturer's instructions 
Each digest was loaded onto a 0.6% agarose gel and electrophoresed 
at 15V overnight. 
The gel was washed, and the DNA transferred onto GeneScreen Plus 
membrane (NEN Research Products NEF-976) overnight, in accordance with 
the capillary blotting procedure in manufacturers' instructions. 
The membrane was pre-hybridised, hybridised with radionudeotide-
labelled probe and washed as specified in the manufacturers' instructions. 
A Techne Hybridiser BB-1 oven was used to incubate the blot during this 
procedure. Typically, pre-hybridisation was performed for 15 minutes and 
hybridisation for 6 hours. 
The blot was wrapped in Saran Wrap and sealed in a plastic bag from 
which the air had been removed. 
The blot then exposed to blue-based film (DuPont Cronex NIF 100, 
obtained from Technical Photosystems) in an autoradiogrpahy casette for 
exposure times that varied between a few hours and one week. 
The probe was stripped from the membrane in accordance with the 
manufacturers' instructions. The membrane was stored at -70°C until 
stripping had occurred, subsequently at room temperature. 
23B Northern blot analysis 
Northern blotting was performed to investigate expression of 
particular genes in a variety of S. pombe strains under various conditions. 
The following were added to a 250 ml flask and the agarose was 
dissolved by heating in a microwave oven: 
Agarose 	 (Sigma A6877) 	1 g 
5xMNE buffer 	 16 ml 
H20 	 63m1 
The mixture was cooled in a water bath at 60°C. 17 ml of 
formaldehyde (BDH 10113) was added, mixed by swirling and used 
immediately to pour a gel. 
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5-10 gg of RNA was dissolved in a volume of 5 ii.! or less. RNA 
loading buffer was added to a final volume of 19 W. If the RNA was too 
dilute, it was sodium acetate precipitated (see section 2.2D), washed with 
70% EtOH/30% DEPC H20  and resuspended directly in 19 p1 of RNA 
loading buffer. 
The samples were heated in a water bath at 65°C for 5 minutes, then 
mixed with 1 p1 of a 667 tg/ml solution of ethidium bromide 
S. 	The samples were immediately loaded onto the gel, and 
electrophoresis was performed in 1xMNE running buffer. For most 
transcripts, electrophoresis for 1 hour 45 minutes at 70 V was sufficient to 
enable subsequent resolution of each species. If a longer run was required, a 
lower voltage was used to prevent the gel from melting, and if necessary 
fresh 1xMNE buffer was added halfway through the run. 
The RNA was visualised under UV illumination. 
The gel was incubated in a 50 nM NaOH solution for 30 minutes with 
gentle agitation, to improve the subsequent transfer of large RNA molecules 
onto the membrane. 
The gel was neutralised by incubation in a 1 M Tris.Cl pH 7.0 
solution for 30 minutes with gentle agitation. 
The DNA transferred onto GeneScreen Plus membrane overnight, in 
accordance with the capillary blotting procedure in the manufacturers' 
instructions. 
The membrane was stored at room temperature prior to 
hybridisation. 
The membrane was placed in a cylinder in a Techne Hybridiser BB-1 
oven at 42°C, to which 10 ml of Northern blot pre-hybridisation solution 
had been added. The blot was allowed to pre-hybridise overnight. 
250 p1 of H20 was added to radionudeotide-labelled probe (sections 
23C, 2.3D). The probe was boiled for 10 minutes, then placed on ice for 10 
minutes. 
The probe was added to the cylinder and the blot was allowed to 
hybridise overnight. An extra 2 ml of H20 was also added to compensate 
for evaporation. 
The hybridisation mixture was poured from the cylinder, and the blot 
was washed in 2xSSC solution at room temperature for 5 minutes. This 
wash was then repeated. 
The blot was washed in 2xSSC, 1% SDS solution at 65°C for 30 
minutes. This wash was then repeated. 
The blot was washed in 0.IxSSC at room temperature for 30 minutes. 
This wash was then repeated. 
The blot was wrapped in Saran Wrap and sealed in a plastic bag from 
which the air had been removed. This keeps the blot dry and enables its 
subsequent stripping and re-probing. 
The blot was exposed to blue-based film (DuPont Cronex NIF 100, 
obtained from Technical Photosystems) in an autoradiogrpahy casette for 
exposure times that varied between a few hours and one week. 
249. The blot was stripped by incubation in 250 ml of Northern blot 
stripping solution for 2 hours 70°C, in a Techne Hybridiser BB-1 oven. 
The blot was wrapped in Saran wrap and exposed to film to ensure 
that stripping had occurred satisfactorily. This was invariably the case 
except when probes hybridising to exceptionally abundant species of RNA 
had been used (e.g., adhi). Such hybridisations were therefore typically left 
until all other hybridisations had already been performed. 
Stripped blots were either stored at -70°C, or air-dried and stored at 
room temperature. 
MJE buffer: 
This was made as a 5x stock as follows: 
N-morphino propane suiphonic acid (MOPS) 
(BDH 44164) 
Sodium acetate trihydrate 
0.5 M EDTA 
H20 
pH was adjusted to 7.0 with 10 M sodium hydroxide 




to I litre 













This was made up as a 0.5 M (20x) stock, by adding 0.5 M Na2HPO4 to 0.5 M 
NaH2PO4 until the pH equalled 6.5. 
Pre-hybridisation solution: 
The following ingredients were added to a 50 ml centrifuge tube: 
De-ionised formamide 	 10 ml 
50% dextran sulphate (Pharmacia 17-0340-01) 4 ml 
Pbuffer 	 4 m 
The solution was mixed by inversion and incubated at 42°C for 10 
minutes. 
1.16 g of sodium chloride was added, the tube was mixed by 
inversion and left at 65°C for a further 15 minutes. 
A portion of salmon sperm DNA solution was boiled for 10 minutes 
then placed on ice for 10 minutes, after which 200 jtl was added to the tube. 
The solution was then added to the cylinder containing the blot. 
De-ionised formamide: 
5 g of mixed bead resin (AG 50-XD) was added to 100 ml of 
formaniide (BDH 28241), and the two were stirred at room temperature for 
30 minutes. The resin is blue and changes colour to green when exhausted, 
in which case it should be replaced. 
The beads were removed by filtration through 3 MM paper 
(Whatman 303917) and the de-ionised formamide stored in 10 ml aliquots at 
-20°C. 
P buffer. 
Bovine serum albumin, globulin-free fraction 
(Sigma A 7638) 500 mg 
Polyvinyl-pyrolidone (Sigma P 5288) 500 mg 
Ficoll (Sigma F 2637) 500 mg 
Tetra-sodium pyrophosphate (BDH 10261) 250 mg 
1MTrispH7.5 12.5 ml 
20%SDS 12.5 ml 
H20 21.05 ml 
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Salmon sperm DNA solution: 
loomgof salmon sperm DNA was added to lOmlofH2O,and 
continuously somcated (large probe, power setting 2) using a Lucas-Dawe 
Electronics Soniprobe, until the DNA was completely dissolved. The 
solution was then stored at -20°C in 100 il aliquots. 
23C Preparation of template DNA for radio-nudeotide labelling 
Templates for production of radio-nucleotide labelled probes for 
Southern and Northern blot analysis were produced from plasmids 
containing the appropriate sequences by either PCR or restriction digest. 
Either the correct fragment was purified from a regular agarose gel (see 
sections 2.2A, 2.2B), or the template was stored dissolved in a solution of 
low melting point agarose. 
Low melting point agarose (LMP) gel electrophoresis was performed 
similarly to that of regular agarose gels. A 1% LMP agarose (BRL 5517 UA) 
gel was poured; care was taken when handling the gel because LMT gels are 
fragile; 1xTAE buffer was poured onto the surface of the gel before the comb 
was removed to prevent the collapse of the wells. The gel was run at 40 V to 
prevent melting during electrophoresis. After electrophoresis, a slice 
containing the desired band was excised and placed in a screw-capped 
microcentrifuge tube. 2 volumes of water were added, the gel slice was 
boiled for 7 minutes then stored at -20°C. 
2.3D Radio-labelling of probes by random priming 
This method is based on that of Feinberg and Vogeistein (1983). 
Template DNA was removed from the freezer and thawed. If 
dissolved in water, the DNA was heated to 95°C for 3 minutes in a thermal 
cyder; if dissolved in low melting point agarose, it was placed in a boiling 
water bath for 3 minutes. 
The template DNA was placed at 37°C for at least 10 minutes. 
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The following reagents were added to a screw-capped microfuge 
tube: 
Template DNA (in less than 34 jd volume) 	 40 ig 
Oligonudeotide labelling buffer 	 10 p.1 
BSA (10 mg/ml) 	 (Sigma B 8894) 	2 p.1 
H20 
	






Kienow enzyme 	(Boehringer Mannheim 1008-404) "Li 
The reaction was incubated overnight at 25°C. 
S. 	The reaction was stopped by adding 250 p.1 Stop solution. Probes 
could be frozen at -20°C at this stage, or used to hybridise to membranes 
(see sections 2.3A, 2.3B) immediately. 
Oligonucleotide labelling buffer (OLB): 











Store at -20°C 
Solution B: 
2M HEPES solution (USB 16926), titrated to pH 6.6 with 10 M NaOH. 
Solution C: 
Hexanucleotides (Pharmacia 27-2166-01) evenly suspended in IxTE to a 
concentration of 90 O.D. units/ml, and stored at -20°C. 
Solution 0: 
1.25 M Tris.Cl pH 8.0 containing 0.125 M MgCl2. 
dNTP mix: 
A solution containing each dNTP at a concentration of 25 mM was made 
from 100 mM dNTP.stocks (Pharmacia 27-2035-01). 
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Stop solution: 






5 M NaCl 80 p 
0.5 M EDTA 
	
20 p 




2.4 Escherichia coli manipulations 
2.4A General 
The gram negative bacterium Escherichia coli was transformed with 
plasmid DNA, which was subsequently re-isolated after bacterial growth. 
Cells carrying plasmids and episomes containing genes conferring 
antibiotic resistance were selected by adding the appropriate antibiotic to 
the growth medium; maintaining sterility was especially important when 
handling untransformed strains. All strains were routinely grown at 37°C. 
The procedures used for growth and handling of E. coli were as described 
in Sambrook et al (1989); media were also as described in Sambrook et a!, 
(1989), except for those media specifically described in the text.. 
2.4B Strains. 
The folloying strains of E. coli were used in this work: 
1M109 (Promega L2001): 
endAl, recAl, gyrA96, thi, hsd R17, (rI(,mK), relAl, supE44, 1, A(lac-proAB), 
[F, traD36, proAB, lacIqZiM151 
This strain was routinely used for growth of bacterial cultures for many 
purposes. It contains the F episome, which allows their transfection with 
helper bacteriophage and the production of single stranded DNA. The 
episome is fairly stable, and is required for growth on minimal media, 
enabling its selection. 
XL-1 Blue (Stratagene 200238): 
Et(nwrA)183 t(mcrCB-hsdSMR-mrr)173, endAl, recA, gyrA96, relAl, supE44, 1, 
thi-1, lac 
This strain has a episome containing a gene conferring resistance to the 
antibiotic tetracycline. It also contains a partial fragment of the lacZ gene, 
which encodes -galactosidase, allowing alpha-complementation upon 
transformation with a plasmid containing a second domain of this gene. 
Many cloning vectors contain a cloning site within such a domain, and this 
strain was used to test whether fragments had been cloned such sites, by 
assaying for loss of 3-galactosidase function. This assay was performed as 
described in Sambrook et al (1989). 
C1236: 
dut, ung, thi, relA, pCJ105 (CmT) 
This strain carries mutations which cause it to incorporate uradil, not 
thiamine into DNA that it synthesises. Such DNA was used as a template in 
mutagenesis reactions, because the template strand could then be selected 
against in a wild type host. The strain came supplied as part of the Bio-Rad 
Muta-Gene in vitro mutagenesis kit (Catalog number 170-3571). 
2.4C Heat shock transformation of E. coli 
This method is based on that of Hanahan (1983). 
A 5 ml LB preculture was inoculated and left to grow overnight at 
37°C. 
0.2 ml of preculture was used to inoculate a 20 ml culture of PSI 
broth, which was grown to an 0D550 of approximately 0.3. 
5 ml of culture were used to inoculate a 100 ml culture of PSI broth, 
which was grown to an 0D550 of 0.48. 
The cells were chilled briefly on ice, transferred to 250 ml centrifuge 
bottles, and harvested by centrifugation at 4°C (Beckman JA 14 rotor, 15 
minutes at 4000 rpm). 
S. 	The cells were resuspended in 33 ml of ice-cold transformation buffer 
1 (TfB1), and left on ice for 10-15 minutes. 
6. 	The cells were harvested by centrifugation at 4°C (Beckman JA 14 
rotor, 15 minutes at 4000 rpm), and re-suspended in 4 ml Tfb2. 
ILV 
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The cells were left on ice for 20 minutes, then dispensed in 0.2 ml 
aliquots into microfuge tubes in an ice-water bath. 
The cells were either frozen on dry ice and stored at -70°C at this 
stage, or used directly; frozen aliquots were thawed on ice for 15 minutes 
prior to addition of DNA. 
DNA was added ina volume of less than lOpl, and the cells left on 
ice for 30 minutes. 
The cells were heat-shocked at 42°C for 1 minute, then allowed to 
cool briefly on ice. 
0.8 ml of LB was added and the cells grown at 37°C for 1 hour in the 
absence of antibiotics. 
Typically, 20-200 jtl of cells were plated out onto solid media 
supplemented with the appropriate antibiotic(s). Colonies typically 
appeared overnight at 37°C. This method typically yielded 10 5 106 






















to 100 ml 
TfB1: 
Sodium acetate 1.43g 
Calcium chloride dihydrate 0.74 g 
Glycerol 75 g 
H20 to 500 ml 
pH was adjusted to 5.9 with glacial acetic acid, then the following were 
added: 
Rubidium chloride 6 g 
Manganese dichloride tetrahydrate 6.76 g 
Filter sterilised. 
Tfb2: 
Calcium chloride dihydrate 	 1.1:1 g 
MOPS 	 0.209 g 
Rubidium chloride 	 0.12 g 
Glycerol 	 15 g 
H20 to 100 ml 
pH was adjusted to 6.8 with 1 M KOH 
Filter sterilised. 
2.4D Transformation of E. coli by electroporation 
A 5 ml LB preculture was inoculated and left to grow overnight at 
37°C. 
2.5 ml of preculture was used to inoculate a 250 ml culture of LB, 
which was grown to an 0D600 of 0.5-1.0. 
The cells were chilled on ice for 15-30 minutes, transferred to 250 ml 
centrifuge bottles and harvested by centrifugation at 4°C (Beckman JA 14 
rotor, 15 minutes at 4000 rpm). 
The cells were resuspended in 250 ml of water, and re-centrifuged at 
4°C (Beckman JA 14 rotor, 15 minutes at 4000 rpm). 
The cells were resuspended in 125 ml of water, and re-centrifuged at 
4°C (Beckman JA 14 rotor, 15 minutes at 4000 rpm). 
The cells were resuspended in 5 ml of glycerol (BDH 10118), and re-
centrifuged at 4°C (Beckman JA 14 rotor, 15 minutes at 4000 rpm). 
Cells were resuspended in a final volume of 2-3 ml glycerol. 
ME  
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The cells could be frozen on dry ice and stored at -70°C at this stage, 
or used directly; frozen cells were removed from the freezer and kept on ice 
for 15 minutes prior to addition of DNA. 
DNA was added to the cells in a volume of 1-2 0, the tubes was 
mixed and left on ice for 1 minute. 
The cells were transferred to an ice-cold 2 mm electrophoresis cuvette 
(Flowgen) and pulsed in a Biorad Gene Pulser, used in conjunction with a 
Biorad Pulse Controller (2.25 kV, 200 fl, 25 jiF). 
1 ml of SOC buffer was immediately added to the cuvette, and the 
cells were transferred to a 15 ml tube. 
The cells were grown at 37°C forl hour in the absence of antibiotics. 
20-200 W of cells were plated out onto solid media supplemented 
with the appropriate antibiotic(s). Colonies appeared overnight at 37°C. 
This method typically yielded 106 107 transformants per tg DNA. 
2.4E Preparation of plasmid DNA from E. coli: minipreps (boiling 
method) 
This method was used to prepare DNA samples quickly and cheaply. 
It was used mainly for screening transformants, and was performed as 
described in Sambrook et al (1989). 
2.4F Preparation of plasmid DNA from E. coli: minipreps (Wizard 
method) 
Higher quality small-scale preparations of DNA, suitable for most 
purposes were produced by using the Wizard Minipreps kit (Promega 
A7500) in accordance with the manufacturer's instructions. 
2.4G Preparation of plasmid DNA from E. coli: maxipreps. 
Large scale preparations of DNA were made using the following 
method, based on that of Birnboim and Doly (1979). The method produces 
100-200 j.L.l of DNA, at a typical concentration of 200 ng-3 ig per JLl, suitable 
for all purposes. 
1. 	A 250 ml culture of cells was grown in LB overnight. 
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The cells were transferred to a 250 ml bottle and harvested by 
centrifugation at 4°C (Beckman JA 14 rotor, 15 minutes at 4000 rpm). 
Cells were resuspended in 6 ml of freshly prepared lysozyme 
solution by repeated pipetting transferred to a 50 ml centrifuge tube and 
placed in an ice-water bath for 20 minutes. 
12 ml of a 0.2M NaOH, 1% SOS solution were added, the tube was 
mixed gently but thoroughly by inversion and left in ice-water for a further 
10 minutes. 
S. 	7.5 ml of 3M NaOAc, pH 4.6 was added, the tube was mixed gently 
but thoroughly by inversion and left in ice-water for a further 10 minutes. 
The contents of the tube were transferred to a 30 ml glass centrifuge 
tube and centrifuged at 4°C (Beckman JA 13.1 rotor, 15 minutes at 12000 
rpm). 
The supernatant was filtered through muslin into a fresh 50 ml 
centrifuge tube. 70 0 of a 10 mg/ml solution of RNA'ase A was added and 
the tube was then incubated at 37°C for at least 30 minutes. 
The DNA was extracted with phenol-chloroform between 2 and 4 
times, until no white solid was visible at the interface after centrifugation. 
The solution was then transferred into two 30 ml glass centrifuge tubes. 
2 volumes of ethanol were added, the tubes were placed at -20°C for 
30 minutes, then centrifuged at 4°C (Beckman JA18.1 rotor, 10 minutes at 
10000 rpm). 
The supernatant was discarded and each pellet was re-dissolved in 
800 il 1120. 200 il of 4M NaCl was then added to each tube, and the tubes 
were gently vortexed. I ml of a 13% solution of polyethylene gycol (PEG) 
6000 (Fisons P/3681/53) was then added to each tube, the tubs were gently 
vortexed again then incubated in ice-water for 1 hour. 
The tubes were centrifuged at 4°C (Beckman JA18.1 rotor, 10 minutes 
at 10000 rpm), and the pellets washed once in 70% ethanol. 
The tubes were centrifuged again at 4°C (Beckman JA18.1 rotor, 5 
minutes at 10000 rpm) and each pellet dissolved in 100 W of IxTE. 
AN 
Lysozyme solution: 
I MTris.cl pH 8.0 
	
200pl 









(Sigma L 6394) 
	
16 mg 
2.411 Preparation of single stranded DNA from E. coil 
Single stranded DNA is required for performance of oligonudeotide-
directed site-specific mutagenesis and can produce superior results when 
DNA sequencing. 
The double stranded plasmid to be used as the template for synthesis 
of the desired single stranded molecule was transformed into a strain of E. 
coli containing the F episome. Selection for cells containing the episome (by 
the method appropriate to the strain: see section 2.4A) was then performed. 
A 5 ml LB preculture was inoculated and left to grow overnight at 
37°C. 
400 p.1 of preculture was used to inoculate a 10 ml culture of 2xYT, 
which was grown, in a 50 ml centrifuge tube, to an 01)600 of 0.5-1.0. 
2 ml of culture were transferred to a fresh 50 ml centrifuge tube, and 
5 p.1 of helper 'bacteriophage M13 was added. The culture is left at 37°C; 
high oxygenation of the culture is important, so vigorous shaking was 
required. 
After 1 hour, 14 p.1 of a 50 mg/ml solution of kanamycin was added, 
and the culture left to infect overnight. 
The culture was poured into a 30 ml glass centrifuge tube and the 
cellular debris removed by centrifugation at 4°C (Beckman JA 18.1 rotor, 5 
minutes at 9000 rpm). The supernatant was removed and re-centrifuged. 
9 ml of supernatant was removed and 1.2 ml of a 27% polyethylene 
gycol (PEG) 6000 (Fisons P/3681/53),3.3 M NaCl solution was added. 
The tube was incubated on ice-water for 1 hour, then centrifuged at 
4°C (Beckman JA 18.1 rotor, 10 minutes at 12000 rpm). 
The supernatant was discarded and the pellet re-suspended in 1.3 ml 
of TE buffer. The liquid was then split evenly between two microcentrifuge 
tubes. 
10. 40 0 of 40% PEG 6000 and 80 il of 5M NaCl were added to each tube. 
Care was taken while pipetting the PEG solution because of its highly 
viscous nature. The tubes were vortexed and left at room temperature for 30 
minutes. 
ii. The tubes were centrifuged (10 minutes at 13000 rpm) and each pellet 
was re-suspended in 300 p.1 of TE. 
Three rounds of phenol-chloroform extraction were performed, and 
the DNA was then precipitated with sodium acetate and ethanol, washed in 
70% ethanol and dried (see sections 2.2B, 2.20 
The final pellet (which is invisible) was re-suspended in 20 0 of TE. 
Typically, this method produced a yield of approximately 5 p.g. 
2.5 Schizosaccharomyces pombe manipulations 
2.5A Strains 
All S. pombe strains used were derived from the 972 (h- )and 975 (h) 
isolates described by Leupold (1950). Selection for the presence or absence of 
plasmids was performed by using strains carrying an auxotrophic marker. 
These cells carry a mutation in a gene encoding enzymes required for the 
synthesis of an essential nutrient, and are unable to grow in minimal 
medium unless the medium is appropriately supplemented. 
The auxotrophic markers present in the strains used in this work 
were leul-32, ura4-294, ura4-D18 and ade6-M210. Cells carrying these 
mutations were unable to synthesise leucine, uracil and adenine 
respectively. These alleles are all loss of function point mutations, except for 
ura4-D18, which is a deletion. A point mutation must be used when 
performing directed integration (see section 2.5G). Mutations in the ura4 
gene were complemented by either the S. pombe ura4 gene itself or by the S. 
cerevisiae LIRA3 gene. 
The procedures and media used for general growth and handling of 
S. pombe were as described in Alfa et al (1993). 
2.5B Exponentially growing cultures of S. pombe 
Liquid cultures were inoculated using cells grown on solid medium 
in a two stage process. First, a preculture was inoculated with cells grown 
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on solid medium, preferably from a single colony, and allowed to grow into 
stationary phase. Then, this culture was used to inoculate a larger culture 
(typically between 200 ml and 4 litres in size) so that this culture would 
reach the required cell density after as many generations growth as possible. 
A dilution of 1 part in 100 to 1 in 200 was normal; at very low cell densities, 
the rate of exit from stationary phase is reduced, so precultures were never 
diluted more than I part in 500. 
These exponentially growing cultures were considered to reach early 
log phase at a cell density of 2x106 cells/ml and mid log phase at a cell 
density of 5x106 cells/ml; cultures in stationary phase typically had a cell 
density of between 1.5 and 5x107 cells/mi. Most physiological experiments 
were designed to ensure that the cultures used remained in early-mid log 
phase throughout the procedure. In some cultures, cells were slow to exit 
stationary phase and inoculation of a second overnight culture from the first 
was necessary to obtain a genuinely exponentially growing culture. 
cdc cells were routinely grown at 32°C, and cdc- cells at 28°C. Many 
experiments with cdc cells were performed at 24°C because a minority of 
cdc mutants posses a partial mutant phenotype at 28°C. 
All experimental procedures were routinely performed in minimal 
medium, supplemented as appropriate. 
2.5C Synchronous cultures 
Exponentially growing cultures of S. pombe cells were synchronised 
by elutriation (Creanor and Mitchison, 1979), using a Beckman elutriation 
rotor. Cells were grown to a cell density of around 5x10 6 cells/ml and 
elutriated. To achieve good synchrony, it was usual to take 300 ml of small 
cells from a 4 litre asynchronous culture. 
All elutriations in this work were performed by Dr. James Creanor. 
2.5D Estimation of cell number 
Cell number was estimated electronically using a Coulter Counter. 
lOOp.l of a liquid culture was added to 10 ml of Isoton II (Coulter electronics 
8448011). The sample was continuously sordcated for 10 seconds using a 
Lucas-Dawe Electronics Soniprobe (large probe, power setting 1), and 
counted immediately. 
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2.5E Flow cytometry 
DNA content of S. pombe was determined by performing flow 
cytometry (FACS) analysis. All FACS analysis in this work was performed 
by Dr. Andrew Sanderson. Cells were prepared for FACS analysis as 
follows: 
Cells were collected by filtration onto nitro-cellulose filters (Whatman 
7141 002), and washed in 10 ml of 0.9% sterile saline. 
Cells were washed off the filter paper into a 15 centrifuge tube with 3 
nil H20. 
7 ml of ethanol was slowly added and the tube left at 4°C for 12 hours 
to I week. 
The cells were collected by centrifugation (5 minutes at 1500 rpm), 
the supernatant discarded and the cells were then washed in 5 ml of 50 mM 
sodium citrate, pH 7.0. 
The cells were collected by centrifugation (5 minutes at 1500 rpm), 
the supernatant discarded and the cells were then resuspended in 1 ml of 50 
mM sodium citrate, pH 7.0 containing 0.1 mg/ml RNA'ase A. 
The cells were incubated for 2-4 hours at 37°C, then collected by 
centrifugation (5 minutes at 1500 rpm); the supernatant was discarded. 
1 ml of 50 nM sodium citrate pH 7.0 containing 2 tg/ml propidium 
iodide was added to each tube, which were left at 4°C for 12 hours to I 
week. 
Cells were sonicated briefly using a Lucas-Dawe Electronics 
Soniprobe (small probe, power setting 1) prior to FACS analysis being 
performed. 
50 nM Sodium citrate, pH 7.0: 
Tr-sodium citrate dihydrate 
	 7.35 g 
H20 
	
to 500 ml 
pH was adjusted to 7.0 with citric acid 
I mg/n-! Propidium iodide: 
Propidium iodide 
	






Store at -20°C in the dark. 
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2.5F Genetic analysis of S. pombe 
Genetic crosses were performed for the following purposes: (i) to 
create new strains of S. pombe combining #ie genotypes of existing strains, 
(ii) to check co-segregation of an integrated plasmidwith the locus to which 
integration had been directed (see section 2.5G), and (iii) to determine the 
mating type of a strain where this was unknown. Cells were conjugated 
and sporulated, then the spores produced by many individual sporulation 
events were harvested together and a random sample analysed (random 
spore analysis). This was performed as described in Moreno et al (1991). 
2.5G Transformation of S. pombe 
S. pombe cells were transformed by electroporation with either 
autonomously replicating plasmids (containing an S. pombe ars 
(autonomously replicating sequence) element) or linearized DNA (for 
directed integration into the S. pombe genome), according to the method of 
Prentice (1991). In both cases, integration events were detected by 
performing a stability test (see section 2.5H). 
The following procedure was used to transform S. pombe with 
plasmid DNA. To integrate DNA, a plasmid without an ars was used. To 
direct the integration event to a particular site in the S. pombe genome the 
plasmid must carry a copy of this genomic sequence. The DNA was 
linearized by digesting with a restriction enzyme which cuts uniquely 
within this sequence, the DNA was extracted, cleaned and re-dissolved in 
low ionic strength medium, then transformation was carried out as before. 
A culture of S. pombe cells, carrying the appropriate auxotrophic 
marker, was grown exponentially to a cell density of between 6x10 6 and 
1.4x107 cells/mi. 
Cells were transferred into 250 ml bottles and harvested by 
centrifugation at 4°C (Beckman JA 14 rotor, 5 minutes at 5000 rpm). 
The supernatant was removed and the cells were re-suspended in 10 
ml of ice-cold 1.2 M sorbitol and transferred to a 50 ml centrifuge tube. The 
washed cells were then collected by centrifugation (5 minutes at 1500 rpm). 
The cells were then washed in ice-cold 1.2 M sorbitol and harvested 




The cells were re-suspended in ice-cold 1.2 M sorbitol to a final 
concentration of 1x109 cells/ml. 
100-500 ng of DNA, dissolved in 5 W of a low ionic strength medium 
(IxTE or water) was added to 200 pi of cells in a microfuge tube. After 
gentle mixing, the cells were transferred to an ice-cold 2 mm electrophoresis 
cuvette (Flowgen) and pulsed in a Biorad Gene Pulser, used in conjunction 
with a Biorad Pulse Controller (2.25 kV, 200 Q, 25 pF) 
0.5 ml of ice-cold sorbitol was immediately added to the cuvette. 
Cells were transferred to a 15 ml centrifuge tube and 2-4 ml 1.2M 
sorbitol was added prior to plating 0.5 ml of cells onto very dry selective 
plates. Transformation efficiency is proportional to plating density, so 
greater dilutions were not carried out.. 
Transformant colonies appeared in 3 days at 32°C, or longer, 
depending on the strain and temperature used. 
2.5H Stability test 
Colonies of transformants were master plated on selective medium. 
Cells were replicated onto YE, and left to grow for 2 days. 
Plates were replicated again onto fresh YE plates, and again left to 
grow for 2 days 
A number of transformants (typically 5) were streaked to single 
colony on fresh YE medium. 
A number of single colonies (typically 20) from each streaked 
transformant were picked onto a fresh YE master plate. 
The cells were replicated back onto selective medium. if the cells had 
been transformed with an unstable plasmid, most of the single colonies 
picked in step 5 were expected to lack the plasmid; if an integration event 
had occurred, there would be no expected plasmid loss. 
Plasmid loss could also be scored on non selective media using - 
galactosidase plate assays (see section 2.50 where the plasmid contained a 
lacZ gene. 
2.51 	-galactosidase assay 
The E. coli lacZ gene, which encodes the enzyme 3-galactosidase, may 
be introduced into S. pombe. -galactosidase activity may be assayed in S. 
pombe grown on either solid or liquid medium. The methods were derived 
from those of Millar (1972). 
Plate assay: 
The plate assay is not quantitative and was used only as a diagnostic test for 
the presence or absence of a functional IacZ gene. The intensity of the 
staining varied considerably with the number of cells being assayed. 
L 	Cells were grown on solid medium. Usually, they were transferred 
by replica plating; if the medium used was YE, they were left overnight at 
32°C before assaying. Cells were grown for longer under less favourable 
growth conditions. 
Cells were transferred onto a filter paper. Two 15 cm diameter filters 
(Whatman 1001 150) were placed over a velvet on a replicating block. The 
plate was brought into contact with the top filter, and even pressure was 
applied until the filter was moist. The block was then inverted and the plate 
carefully removed. This transferred all the cells from the plate onto the 
filter. 
The filter paper was placed at -70°C for 15 minutes. 
The filter paper was placed at 37°C for 15 minutes to thaw. 
0.25 ml X-gal in DMSO were added to 10 ml Z buffer and mixed. The 
mixture was poured into a petri dish and the filter paper briefly immersed 
in the solution. The filter paper was then placed at 28°C. 
Cells expressing f-galactosidase turned blue within 3-30 minutes. 
Uquid culture assay 
The levels of 3-galactosidase activity present in the cells used enabled the 
utilisation of the following procedure, whereby a small sample of culture 
was directly added to reaction buffer. If activity is lower it would be 
necessary to collect a larger volume of cells, collect by centrifugation and re-
dissolve in buffer. 
100 0 of cells were taken and added to 900 .tl of Z buffer in a 
microfuge tube. 
30 W of chloroform and 20 id of a 0.1% solution of Sodium dodecyl 
sulphate (SDS) were added, and the tube was vigorously vortexed for a few 
seconds. 
Cells were pre-warmed in a water bath at 28°C for 25 minutes. 
RSOA 
70 
200 il of ONPG solution was added, the tubes were vortexed and 
then incubated at 28°C for 10-25 minutes. 
The reaction was stopped by adding 0.25 ml of 2 M Na2CO3. The 
tube was vortexed, then centrifuged to pellet the debris at 12000 rpm for 10 
minutes. 
1 ml of reaction mix was used to measure the optical density at 420 
rim, using water as a blank. Spectrophotometry was performed using a 
Hitachi U-2000 spectrophotometer, and 2 ml plastic disposable cuvettes 
(Fisons CXA-100-030R). 
Three control reactions were performed: Cl (H20 added in place of 
cells/medium); C2 (H20 added in place of ONPG); C3 (H20 added in place 
of cells/medium and ONPG). A zero value for the assay was calculated as 
Cl +C2-C3. 
The absorbance was converted into nmol ONPG hydrolysed/min, 
either per ml of culture or per cell (see text and figure legends). 
Z buffer: 
Di-sodium hydrogen orthophosphate dihydrate 	 5.12 g 
Sodium di-hydrogen orthophosphate dthydrate 3.1 g 
Potassium chloride 	 376 mg 
Magnesium sulphate heptahydrate 	 125 mg 
H20 	 to 500 ml 
Autoclaved, then -mercaptoethanol (Sigma M3148) was added to a final 
concentration of 2.6% volume: volume immediately prior to use. 
X-gal: 
5-Bromo-4-chloro-3-indoyl+D-galactopyranoside (X-gal) (Biosynth AG) 
was dissolved in dimethyl sulphoxide (DMSO) at a concentration of 40 
mg/ml, and stored at -20°C. 
ONPG: 
a-Nitrophenoyl 3-D-galactopyranoside (ONPG) (Sigma N 1127) was 
dissolved in water at a concentration of 4 mg/mi, and stored at -20°C. 
25J Preparation of S. pombe chromosomal DNA 
This method (that of Durkacz et al, 1986) was used to prepare 
genomic DNA for Southern blotting and as a substrate for PCR reactions. 
10 ml of YE or EMM was inoculated and incubated until the culture 
reached stationary phase (typically 2 days). 
The culture was transferred into a 15 cm centrifuge tube, cells were 
harvested by centrifugation (5 minutes at 1500 rpm) and the supernatant 
discarded. 
Cells were resuspended in 1.5 ml CPS buffer containing 2.5 mg/mi 
zymolyase 20T (Seikagaku 120491), transferred to a microfuge tube and their 
cell walls were digested by incubation for 1-2 hours at 37°C. This process 
was monitored by adding a solution of SDS to a sample of cells viewed 
under phase-contrast microscopy; cells with digested walls turn black under 
these conditions. 
Cells were harvested by centrifugation (2 minutes at 13000 rpm) and 
the supernatant discarded. 
S. 	Cells were resuspended in 300 id of 5xTE. 35 ii of 10% SDS was 
added and the cells were incubated at 65°C for 5 minutes. 
100 j.tl of 3M potassium, 5M acetate solution was added and the cells 
incubated on ice for 30 minutes. 
Debris was precipitated by centrifugation at 4°C (15 minutes at 1300 
rpm), and the supernatant (400 itl) removed. 
S. 	1 ml ice-cold 95% ethanol was added, the tube was centrifuged at 4°C 
(10 minutes at 13000 rpm) and the supernatant discarded. 
The pellet was resuspended in 400 jd of 5xTE containing 100 jtg/d of 
RNA'ase, and incubated at 37°C for 3 hours. 
The DNA was extracted once with 400 j.a.l phenol, once with 400 jd 
phenol-chloroform and once with 400 id chloroform. 
400 ml of aqueous phase was removed and added to 40 p1 of 3M 
potassium, 5M acetate solution and 1 ml ice-cold 100% ethanol. 
The tube was centrifuged at 4°C (15 minutes at 13000 rpm) and the 
supernatant discarded. 
The pellet was washed with 200 id of 70% EtOH and dried under 
vacuum. 
The pellet was resuspended in up to 100id of IxTE. 
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15. An aliquot was electrophoresed on a 0.7% agarose gel to estimate 
concentration. 
CPS: 
A lOx stock of CPS was made as follows: 
Sorbitol 	 109.31 g 
Di-sodium hydrogen orthophosphate dihydrate 	 16.47 g 
Citric acid monohydrate 	 8.82 g 
0.5MEDTApH8.0 	 40m1 
H20 to500ml 
pH was adjusted to 5.6 with 1 M citric acid monohydrate or 1 M citric acid 
tn-sodium dihydrate as appropriate. 
Autoclaved 
2.5K Preparation of S. pombe total RNA 
This method, based on that of Kaufer et a! (1985) was used to obtain 
total RNA for use in Northern blots. Water-saturated phenol, pH 8.0 
(Rathburns RP3024), was used throughout this procedure. 
A culture of S. pombe cells was grown in either YE or EMM to mid- 
exponential phase. 
50 ml of culture was placed in a 50 ml centrifuge tube. Cells were 
harvested by centrifugation (5 minutes at 1500 rpm) and the supernatant 
discarded. 
The cells were resuspended in I ml of ice-cold 0.9% sterile saline, and 
the suspension transferred to a microfuge tube. Cells were harvested by 
centrifugation (2 minutes at 13000 rpm) and the supernatant discarded. 
The cells were resuspended in 75 xl of STE. Hydrochloric acid 
washed beads were added to just beneath the meniscus and the tube was 
vortexed for 15 seconds. 
S. 	600 jtl of NTES was added and the tube was again vortexed for 15 
seconds. If there was a delay between steps 4 and 5 or between steps 5 and 
6 (for example, if several samples were being processed together), tubes 
were placed kept on ice until the next step was initiated. 
6. 	Cells were added to 500 0 of phenol pre-warmed in a heating block 
at 65°C. The mixture was vortexed immediately for 15 seconds and 
incubated at 65°C for 5 minutes with frequent additional vortexing. 
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7. 	The mixture was centrifuged (1 minute at 13000 rpm) and the 
aqueous layer, and the proteinaceous interface, were removed and 
transferred to a fresh aliquot of 500 p.1 of hot phenol. 
S. 	The mixture was vortexed immediately for 15 seconds and 
incubated at 65°C for 2 minutes with frequent additional vortexing. 
The mixture was centrifuged (1 minute at 13000 rpm) and the 
aqueous layer, and the proteinaceous interface, was removed and 
transferred to a fresh aliquot of 400 p.1 of hot phenol. 
The mixture was vortexed immediately for 15 seconds and 
incubated at 65°C for 2 minutes with frequent additional vortexing. 
The mixture was centrifuged (1 minute at 13000 rpm) and the 
aqueous layer, but not the proteinaceous interface, was removed and added 
to 400 p.1 of phenol-chloroform. 
The mixture was vortexed and centrifuged (1 minute at 13000 rpm) 
and the aqueous layer removed and added to 300 0 chloroform. 
The mixture was vortexed and centrifuged (1 minute at 13000 rpm) 
and the aqueous layer removed. 
The RNA was sodium acetate precipitated, and the pellet washed 
with 70% EtCH. The pellet was not dried, as a dry pellet is insufficiently 
soluble to dissolve easily in the required volume of water. 
The pellet was dissolved in 22-55 p.1 of ice-cold DEPC water. 
An aliquot (2-5 p1) was diluted into 1 ml of water and the optical 
density at 260 nm was measured. 1 O.D. unit corresponds to a 
concentration of 40 p.g/ml. The optical density at 280 nm was also 
measured; for dean preparations of RNA, the ratio of O.D.0:0.D.0 
should be 2:1. 
Modifications to sampling procedure: 
The above procedure was optimal, but during certain experiments it 
was necessary to take a series of samples over a period of time. When 
necessary, RNA was prepared from smaller samples (e.g. 25 ml of a culture 
at 2x106 cells/ml), and the volume of samples was scaled down as the 
experiment proceeded to reflect the growth of the culture. 
When many samples were taken during an experiment, cells were 
frozen after step 3, and the procedure concluded later. Alternatively, cells 
were collected on nitro-cellulose filters (Whatman 7141 002) and washed 
with 20 ml 0.9% sterile saline, after which the filter was frozen. 
Subsequently, cells were removed from the freezer, washed off the filter 
with I ml 0.9% sterile saline, collected by centrifugation (2 minutes at 1300 
rpm) and the procedure resumed at step 4. 
Sucrose 	 2.19g 
1MTris.C1pH7.5 	 400i.&l 
0.5MEDTA 	 400ii.1 
H20 	 to20ml 
Autoclaved; 0.1 mg of heparin (Sigma H 7005) added immediately before 
use. 
NTES: 
I M Tris.Cl pH 7.5 2.5 ml 
20 % SDS 2.5 ml 
5 M Sodium chloride I ml 
0.5 M EDTA 0.5 ml 
Autoclaved; 0.1 mg of heparin (Sigma H 7005) added immediately before 
use. 
Acid washed beads: 
Glass beads of diameter 425-600 pm (Sigma G 9268) were added to roughly 
3x their volume of concentrated hydrochloric acid and stirred for 30 minutes 
in a fume cupboard. The beads were then collected by filtration, washed 
several times with distilled water and left to dry. 
DEPC water: 
A 0.1% (volume: volume) solution of diethyl pyrocarbonate (DEPC) (Sigma 
D5738) in water was stirred for 5 minutes, autoclaved and kept in a tightly 
sealed bottle. 
2.6 DNA materials 
2.6A Cloning vectors 
• 	The following vectors were used for routine cloning. All can be 
selected for by antibiotic resistance and contain a multiple cloning site 
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located within a domain of the lacZ gene, enabling their use in conjunction 
with the XL-1 Blue E. coli strain in blue/white selection assays (see section 
24A). pBluescript and pTZ18R contain an origin for replication of 
replication for single stranded DNA, and also sequences flanking the 
polylinker which anneal to the universal and reverse sequence primers 
supplied in the 17 sequencing kit (Pharmacia 27-1682-01, see section 2.2G). 
pUC18 	 Pharmacia 27-4949-01 





The following oligonudeotides were used in this work. New 
oligonucleotides were supplied by Oswel DNA service at a typical 
concentration of 0.6-1 jtg/ml. Underlined bases represent either 
mismatched or inserted bases, or terminal linker sequences. 
Oligonucleotides annealing to the cdc22 genomic clone: 
For each oligonudeotide the position of the S. pombe genomic sequences 
matching the 5' and 3' termini of the oligonudeotide is given, relative to the 
translational start site of cdc22. 
040M 	CAfl'GATCAACATGACTFAAG 	-144 -124 
041M GGTGGTAAATACCGGGAA -20 -38 










Oligonucleotides annealing to the plasmid pCHIIO and its derivatives: 
The position of plasmid sequences matching the 5' and 3' termini of the 
oligonudeotide is given, relative to the translational start of the IacZ fusion 
gene. 
G8326 	GCGCGAATTCTFCFGGTCUCACCCACCGGTACC 
Oligonudeotides annealing to the plasmid 12SPAI78 and its derivatives: 
The position of plasmid sequences matching the 5' and 3' termini of the 
oligonucleotide is given, relative to the translational. start of the lacZ fusion 
gene. 
661N 	CTrCAATrTAArFATATCAG 	-290 -270 
- TGCCTGGCCTAGGTGCG -202 -219 
Oligonucleotide containing novel DNA sequences: 
H1058 	TCGATACGCGTAGATCFACGCGTAGATCTACGCGTA 
2.6C Templates used for production of radionudeotide-labelled probes 
The following DNA sequences were used as templates for the 
preparation of radionucleotide-labelled probes: 
lac.Z 	3.02 kb Kpn 1-EcoR I fragment from plasmid pPJK7 
(see figure 3.1). 
cdc22 	1.32 kb Kpn 1-Hindifi fragment from plasmid 
pTZ18R/cdc22(14)(modified) (see figure 3.1). 
suc22 	1.84 kb Kpn I fragment from plasmid pSUC22-1 
(Fernandez-Sarabia et al, 1993). 
adhi 	1.1 kb EcoR I fragment from adh1 gene 
(Russell and Hall, 1983). 
ura4 	1.79 kb BamH I-Sal I fragment from plasmid pPJK7 
(see figure 3.1). 
ste6 	3.26 kb EcoR I genomic ste6 fragment 
(kindly supplied by D. Hughes). 
spkl 	2.13 kb Nde I-Sal I fragment from a pBS-derived plasmid 
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3.1 	Introduction 
Cordon and Fantes (1986) showed that the cdc22 gene of the fission 
yeast Schizosaccharomyces pombe is periodically expressed during the cell 
division cycle. Peak levels of the transcript are seen co-incident with the 
timing of DNA synthesis. The region upstream of the cdc22 translational 
start site contains 9 MCBs, arranged singly and in dusters, distributed both 
sides of the transcriptional start site (Lowndes et al, 1992b; C. Mdnerny, 
personal communication; see figure 1.5). MCBs had also been observed to 
be present in the promoters of genes expressed around the Cl-S boundary 
in the distantly related budding yeast S. cerevisiae, and are required for the 
periodic expression of these genes (reviewed in Johnston and Lowndes, 
1992). A lacZ reporter gene placed downstream of a synthetic timer of 
MCBs is periodically expressed in both S. cerevisiae (Lowndes et al, 1991) 
and in S. pombe (Lowndes et al, 1992b). In S. pombe, the MCB-controlled 
reporter gene is expressed co-incidentally with cdc22 (Lowndes et al, 
1992b). 
However, these experiments do not tell us which of the MCBs 
upstream of the endogenous cdc22 gene are important. Indeed, it is 
possible that expression of the cdc22 gene is not under solely MCB control 
and that other elements in the cdc22 promoter may also be involved in the 
periodic expression of this gene. 
In addition to periodic expression during the cell cyde, cdc22 is also 
expressed under certain conditions of cell cyde arrest, including the S phase 
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arrest induced by the drug hydroxyurea (Fernandez-Sarabia et al, 1993). It 
is possible that the cdc22 transcript is observed simply because cells arrest 
at the time in the cell cycle when the gene is periodically expressed. 
Alternatively, expression in HU-arrested cells may be caused by a different 
mechanism; in S. cerevisiae, genes which encode subunits of ribonudeotide 
reductase are expressed in response to HU treatment; this expression is 
dependent on the Duni protein kinase, which has no known role in MCB-
mediated gene expression (Zhou and Elledge, 1993). 
In order to answer these questions concerning the role of MCBs in 
cdc22 expression, a cloning strategy was devised to place a lacZ reporter 
gene under the control of DNA sequences from the upstream region of the 
endogenous cdc22 gene, including all 9 MCBs. One reason for creating this 
reporter gene is that the cdc22-derived sequences could subsequently be 
altered, without the physiological consequences of altering the regulation of 
an essential gene (see chapter 5). But initially, it was proposed to compare 
the expression of this reporter gene (cdc22-lacZ) with that of the reporter 
gene, already constructed by Lowndes et al (1992b), under the control of a 
synthetic MCB trimer (3xMCB-lacZ; see chapter 4). 
3.2 Cloning strategy 
The cloning strategy employed to construct plasmids containing a 
cdc22-lacZ reporter gene is outlined in figure 3.1. The plasmids constructed, 
pPJK7 and pPJK8, have the following features: 
1. 	1.68 kb of DNA from the cdc22 genomic clone has been fused, in 
frame, to a trpS-lacZ reporter gene, as shown in figure 3.2. This DNA 
extends form 1309 nucleotides, upstream of translational start (of which 1024 
nucleotides are upstream of the transcriptional start site and 810 nucleotides 
WE 
Figure 3.1 
Construction of plasmid pPJK1 
The plasmids pBR322 (Sutcliffe, 1979) and pCH1I0 (Hall et al, 1983) 
were used as the raw materials for construction of plasmids containing a 
cdc22-lacZ reporter gene. Firstly, the unique EcoR I restriction site present in 
pBR322 was removed by restriction endonudease digestion, infilling with 
Kienow polymerase and ligation of the blunt termini. A Hind ffl-BamH I 
fragment from this modified version of pBR322 was then ligated to a 
compatible fragment from pCH110. The resulting plasmid pPJK1 contains a 
unique EcoR I site 138 nucleotides from the 3' end of the lacZ gene, but has 
lost the SV40-derived DNA sequences which are located upstream of lacZ in 
pCHI 10. 
Construction of plasmid pPJK6 
The cdc22 gene had been cloned into the E. coli cloning vector 
pTZ18R as two genomic Hind ifi fragments (Fernandez-Sarabia et al, 1993). 
The plasmid containing the 5' fragment (pTZ18R/cdc22(14)) contains 1.31 kb 
of DNA upstream of the open reading frame, the first exon, the sole intron, 
and part of the second exon of the gene. A kpn I site was introduced into the 
second exon of cdc22 by oligonucleotide-directed mutagenesis (see figure 
3.2). A Hind III-Kpn I fragment present in pPJK1 was then replaced by a 1.68 
kb Hind III-Kpn I containing DNA from the cdc22 genomic done. This 
creates an in-frame cdc22-trpS-1acZ fusion gene (subsequently referred to as 
cdc22-lacZ), with DNA from the cdc22 upstream region, the first exon, the 
intron, and a small portion of the second exon of cdc22+ located upstream of 
trpS-lacZ. 
Construction of plasmids pPJK7 and pPJK8. 
A BamH I-Sal I fragment from the plasmid pON160 (a gift from S. 
Ayes) contains a functional copy of the S. pombe ura4 gene. A BamH I-Sal I 
fragment present in pPJK6 was replaced by this fragment from pON160, to 
create pPJK7, a vector which can be integrated into S. pombe. 
A 4.9 kb Sal I-Hind ifi fragment from the plasmid pSP100 contains the 
arsi sequence (Losson and Lacroute, 1983). This fragment also contains the 
E. coli origin of replication and ampR  sequences, and was cloned into pPJK7 
replacing a pre-existing Sal I-Hind ifi fragment, creating pPJK8, an 
autonomously replicating vector. 
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0 	 400 II 
I I 	II 	istexon 
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Sequence from start of 2nd exon: 
5' ACGGACGTCAAGAGAAAGTGGCCTTTGA 
CAAAATCACTACTGCTCGTGTTTCCAGG ...3' 
Kpn I site introduced here  
by oligonucleotide-directed GGTACC 
mutagenesis 
The cdc22 gene had been cloned into the E. coli cloning vector 
pTZI8R as two genomic Hind ifi fragments (Fernandez-Sarabia et al, 
1993). The 5' fragment contains 1.31 kb of DNA upstream of the open 
reading frame, the first exon, the sole intron and part of the second exon 
of the gene. A Kpn I site was introduced after 47 nucleotides of the second 
exon of cdc22+  by oligonucleotide-directed mutagenesis. This region was 
then sequenced to confirm the correct introduction of the site. Figure 3.2 
illustrates the location of the introduced site with respect to the coding 
region, the transcriptional start site (C. Mclnerny, personal 
communication), and the MCBs present in the genomic done. MCBs are 
indicated by vertical lines; thick lines represent Mlu I restriction sites and 
are labelled. Transcriptional start sites are indicated by an arrow. 
are upstream of the 5' MCB) as far as 47 nucleotides into the second exon of 
the cdc22 gene. The cdc22-trpS-1acZ reporter (which contains 28 codons of 
trpS and 1012 codons of lacZ, and is subsequently referred to as cdc22-1acZ) 
thus includes the same intron as cdc22. 
The vector pPJK7 includes a unique EcoR I site 138 nucleotides from 
the 3' end of the IacZ gene. This was engineered in case it proved necessary 
to modify the 3' end of this gene, in which case this site may have been 
useful. pPJK8 does not contain a unique EcoR I site. 
Both pPJK7 and pPJK8 contain an S. pombe ura4 gene, which is a 
selectable marker. The ura4+ sequence contains several unique restriction 
sites, enabling the plasmid to be linearized for directed integration into the 
S. pombe genomic ura4 locus. 
pPJK8 contains an ars (autonomously replicating sequence), enabling 
it to be stably maintained in S. pombe. 
S. 	Both plasmids also contain ampR  and E. coli origin sequences. which 
permits their growth and maintenance in bacteria. 
3.3 Integration of the cdc22-1acZ reporter construct into the S. pombe 
genome 
The plasmid pPJK7 was linearized by digestion with the restriction 
endonudease Stu I, which cuts at a unique site within the ura4 sequence. 
The plasmid was then transformed into a cdc ura4-294 h strain of S. pombe 
by electroporation. A linearized plasmid preferentially integrates at a site in 
the genome homologous to its ends (Moreno et a!, 1991). 
ura transformants were selected and identified as integrants by 
stability test (see section 2.5H). The presence of a functional lacZ gene was 
established by performing plate assays for 3—galactosidase. Genetic crosses 
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were performed to cdc ura4-294 h- cells to check the co-segregation of the 
lacZ gene and the ura phenotype. Five transformant lines which behaved 
appropriately were used to make genomic DNA preparations; these were 
analysed by restriction endonudease digestion and Southern blotting, and 
compared with genomic DNA prepared from untransformed cells. Four 
strains in which a single copy of pPJX7 had been integrated, and one strain 
in which two tandem copies had been integrated, were thus identified (see 
figures 3.3.3.4). 
After it had been shown (see section 3.5) that three different integrant 
strains produced identical lacZ transcripts, one single copy integrant 
(cdc+[pPJK7(sc)]) was selected and used as a parent strain in subsequent 
genetic crosses performed in order to introduce the construct into other 
genetic backgrounds. Thus in all strains subsequently analysed, the 
presence of the construct in the genome derived from the same original 
integration event. 
3.4 	Identification of the cdc22-lacZ transcript 
S. pombe total RNA was prepared from asynchronous cultures of cdc 
cells into which pPJK7 had been integrated in single and double copy, and 
subjected to Northern blot analysis. The results are shown in figure 3.5. A 
transcript was identified which hybridised to IacZ and which was not 
present in RNA made from untransformed cells. No differences were seen 
in the transcript levels between the single and the double copy integrants. 
An approximate estimate of the transcript size is 5-6 kb. This is large, given 
that the lacZ gene is only 3.25 kb long and that the 5' cdc22 transcriptional 
start is only 285 nucleotides upstream of translational start (C. Mclnerny, 
personal communication). 
Figure 3.3 
Southern hybridisation analysis of the integration of the plasmid pPJK7 
into the genome of S. pombe 
5 strains of S.pombe which had acquired a stable ura phenotype after 
transformation with the plasmid pPJK7 were selected for further analysis, 
and preparations of total genomic DNA were made from cultures of each. 
10 gg of each preparation was digested for 6 hours with each of the 
restriction endonucleases Bgl II and Hind III. Bgl II does not cut inside the 
sequence of pPJK7, while Hind ifi cuts once; neither cuts within the ura4 
gene. In parallel, the plasmid pPJK7 was digested with the restriction 
endonucleases Hind ifi and Hind ffl/Stu I, creating ura4-containing 
fragments of known size. The digested DNA was then subjected to 
Southern blot analysis (see section 2.5A), and hybridised to a ura4 probe 
(described in section 2.60. 
The results are displayed in the figure. The first pair of lanes contain 
the size controls (labelled C); the next pair (labelled U) contain digests of S. 
pombe genomic DNA from untransformed cells. Digests of the genomic 
DNA of each stable transformant are located in the pairs of lanes labelled 1-
5. Bgl II and Hind ifi digests are indicated with the letters B and H, 
respectively. 
Given the pattern seen in untransformed cells and the known size 
and restriction sites of pPJK7, the pattern of bands seen in digests of DNA 
obtained from transformant 1 is consistent with the integration of 2 tandem 
copies of pPJK7 within the genomic ura4 gene in this strain. The pattern of 
bands seen in the digests of the DNA obtained from the other 4 strains is 
consistent with the integration of a single copy of the plasmid at the ura4 
locus. This is explained in figure 3.4. Transformant strain 2 was used 
subsequently in experiments, and as a parental strain in genetic crosses to 
introduce pPJK7 into other genetic backgrounds. 
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Figure 3.4 
Southern blot analysis indicates the occurrence of single and double 
integration events of 12PJK7 into the S. porn be genome. 
Bgl II digests. 
Untransformed genomic DNA contains a single Bgl II fragment 
hybridising to ura4 of approximately 8 kb (see figure 3.3, lane UB). A 
fragment of over 10.75 kb is observed in four transformant strains, 
consistent with a single integration event (see figure 3.3, lanes 2B, 3B, 4B and 
5B); a still larger fragment is seen in one transformant strain (see figure 3.3, 
lane 1B), consistent with a multiple tandem integration event. 
Hind Ill digests. 
Untransformed genomic DNA contains a single, small Hind Ill 
fragment hybridising to ura4 (see figure 3.3, lane UH). Two fragments, of 
around 7.2 kb and 5.4 kb, are observed in four transformant strains, 
consistent with a single integration event (see figure 3.3, lanes 21-1, 3H, 4H 
and 5H). Three fragments of equal intensity, of around 7.2 kb, 5.4 kb and 
10.75 kb, are seen in one transformant strain (see figure 3.3, lane 1H), 
consistent with a double tandem integration event. 
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Figure 3.5 
uyies or me piasmia 12rJK7 
Total RNA preparations were made from cultures of S. pombe strains 
into which the plasmid pPJK7 had been integrated, and subjected to 
Northern blot analysis (see section 2.3B). Transformant strain I (a double 
copy integrant) and 2 and 3 (both single copy integrants), which had been 
subjected to Southern blot analysis (see figure 3.3), were used in this 
procedure; an untransformed strain was also used, as a control. 
The blot was hybridised to lacZ, cdc22, and ura4 probes (described in 
section 2.6C). The lacZ and c4c22 probes hybridised to a single transcript in 
each of the transformant strains (lanes 1-3), but the ura4 probe hybridised to 
two major transcripts, labelled A and B. The transcripts in the lane marked 
U are those identified in the RNA prepared from untransformed cells. 
Transformant strain 2 was subsequently used in experiments, and as a 
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Two transcripts were identified upon probing this blot with ura4. 
One was the expected size of the ura4+ transcript, the other was the same 
size as the transcript that had hybridised to lacZ. A copy of the ura4 gene is 
located 394 nucleotides downstream of the 3' terminus of lacZ in pPJK7, 
arranged in the same orientation as the cdc22-1acZ gene. As S. pombe 
sequences had not been cloned into pPJK7 3' to the cdc22-1acZ reporter gene, 
it is possible that read-through of the entire ura4+ gene occurs after 
transcription of cdc22-1acZ , and that transcriptional termination occurs at 
the polyadenylation sequences located 3' of this gene. 
The sequences responsible for the termination of transcription 3' to 
the S. porn be ura4 gene have been determined (Humphrey et al, 1991) but 
this question has not been addressed for other S. pombe genes. In view of the 
results achieved subsequently, where the expression patterns of the reporter 
gene mimicked those of the endogenous cdc22 gene consistently and 
reasonably accurately (see chapter 4), it was decided to proceed without 
modifying the 3' end of the cdc22-lacZ reporter. In subsequent figures, when 
blots were probed with ura4+ as a loading control, only the normal ura4+ 
transcript is shown. 
3.5 Expression of the c&22-lacZ reporter gene during the cell cycle 
Both cdc22 and a plasmid-borne reporter gene placed downstream 
of a synthetic trimer of MCBs are periodically expressed at the G1-S 
boundary in S. pombe. It was necessary to check that the integrated cdc22-
lacZ was expressed with similar periodicity. A synchronous culture was 
prepared by elutriation and allowed to undergo two rounds of cell division. 
Cell number, 0-ga1actosidase activity and the level of the transcripts 
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hybridising to lacZ, cdc22, and ura4 probes was monitored throughout this 
The results are shown in figure 3.6. The cdc22-lacZ gene was 
periodically expressed during the cell cycle; however, the cdc22-IacZ 
transcript was present throughout a higher proportion of the cell cycle than 
the cdc22 transcript. The levels of these two transcripts peaked at a similar 
time, but cdc22-lacZ transcript persisted for a considerably longer after 
peaking than cdc22. One possible explanation of this is that the c&22-lacZ 
transcript may be more stable than the cdc22 transcript, because of the 
different transcriptional termination of the two genes. 
This relationship between the levels of the cdc22 and cdc22-lacZ 
transcripts was maintained during most experiments performed 
subsequently (see chapter 4). The expression pattern of the cdc22-lacZ 
reporter was consistently similar to that of the endogenous cdc22' gene, but 
declines in transcript levels were less marked and some increases in 
transcript levels were more pronounced. Although these differences in 
behaviour are not fully understood, it can be concluded that the cdc22-lacZ 
reporter gene is reliably expressed similarly, though not identically, to 
cdc22. 
The pattern of expression of the cdc22-lacZ transcript is reflected in 
the changes in 3-galactosidase activity per ml of culture seen during the 
experiment. -galactosidase is a stable enzyme, with recorded half life of 
over 20 hours in S. cerevisiae (Bachmair et al, 1986). Thus, as a culture grows, 
activity per ml accumulates with the same doubling time as cell number. In 
this experiment, f3-galactosidase activity per ml did increase at the expected 
rate over an entire cell cycle. However, this increase was confined to a 
limited period during the cell cycle, and activity remained reasonably 
constant during the remainder of the cycle. This is the expected pattern if 
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Figure 3.6 
Expression of cdc22 and of the cdc22-lacZ reporter gene in cdc' cells 
grown in synchronous culture 
cdc[pPJK7(sc)] cells was grown to mid log phase at 32°C, and a 300 
ml synchronous culture was prepared by elutriation. This culture was then 
allowed to undergo two synchronous divisions. Samples were taken at 20 
minute intervals from the culture for (i) determination of cell number (ii) 
quantitation of 13-galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA. 
Cell number and ftalactosidase activity. 
Cell number is shown in units of 106 cells/ml (graph 1), and - 
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graph 
2). Time is shown as minutes after synchronisation. 
Transcript levels. 
RNA was prepared from cells at intervals throughout the experiment 
and was subjected to Northern blot analysis (see section 2.3B). The blot was 
sequentially hybridised to lacZ, cdc22, and adhi probes (described in section 
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the cdc22-lacZ gene is periodically expressed and if the level of cdc22-lacZ 
transcript is determines the rate of production of active 13-galactosidase. 
The timing of the increase in 3-galactosidase activity roughly 
coincided with the period when cells are undergoing septation, which is 
also the time that the cdc22 transcript is expressed. However, the increase 
in 3-ga1actosidase activity was less tightly confined within the cell cycle than 
the increase in cell number, confirming the evidence of Northern blot 
analysis that the expression of the cdc22-lacZ reporter is less tightly periodic 
than that of cdc22. This experiment thus validates the use of - 
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4.1 Expression of cdc22, and the c&22-lacZ and 3xMCB-1acZ reporter 
genes, upon cell cycle arrest 
4.1A Introduction 
cdc22 is periodically expressed during the S. poinbe cell cycle 
(Gordon and Fantes, 1986). cdc22 expression under conditions of cell cycle 
arrest has also been investigated. The level of cdc22 transcript increased 
when asynchronously growing cultures of cells were treated with 
hydroxyurea (Fernandez-Sarabia et al, 1993), which blocks the cell cycle in S 
phase by inhibiting the function of ribonucleotide reductase. Expression of 
cdc22 was also observed, after a brief interval, in cultures of cdc22-C11 cells 
synchronised in early G2 then shifted to their restrictive temperature 
(Fernandez-Sarabia et al, 1993). When cdclO-129 cells were subjected to a 
similar procedure, expression of cdc22 was also seen, although the level of 
transcript initially fell upon shift and increased only slightly thereafter 
(Fernandez-Sarabia et al, 1993). 
It is highly likely that the periodic expression of cdc22 during the cell 
cycle is mediated by MCBs (Lowndes et al, 1992b), but which DNA 
sequences are important for mediating expression of cdc22 upon cell cycle 
arrest was not known. To determine whether MCBs were able to mediate 
cdc22 expression in arrested cells, or whether other sequences of DNA were 
required, the expression of two lacZ reporter genes was compared. The first 
of the two reporter genes used in these experiments (cdc22-lacZ) is located 
downstream of 1.31 kb of DNA from the upstream region of cdc22 (see 
chapter 3). The second lacZ reporter gene (3xMCB-lacZ) is located 
downstream of a synthetic arrangement of three MCBs (Lowndes et al, 
1992b), and periodic expression of lacZ is dependent of the presence of this 
MCB trimer (C. Mdnerny, personal communication). 
Expression of the two reporter genes was examined in a number of 
strains carrying cdcts mutations, upon arrest caused by shifting 
asynchronously growing cultures from permissive to restrictive 
temperature. These strains fall into the following groups: (i) cdc (section 
4.IB), (ii) cdc22-01 and cdcl 7-K42, mutants in genes required in S phase 
(section 4.IC), (iii) cdc2-33, cdc2-17, cdc13-117 and c4c25-22, mutants in genes 
required at the G2-M transition (section 4.1E), (iv) cdclO-129 and cdclO-C4, 
mutants in a gene required at Start (section 4.IF) and (v) cdcl-7 and cdc27-
P11, mutants in genes of uncertain function, and which arrest at the G2-M 
boundary in a rad1-dependent manner (section 4.IG). Additionally, gene 
expression in S phase-arrested cells was further investigated by the addition 
of hydroxyurea to asynchronously growing cultures of cdc cells (section 
4.ID). 
The cdc22-lacZ reporter gene had been constructed on a plasmid 
(pPJK7) and integrated into the genome of cdc cells in single copy (see 
chapter 3). The 3XMCB reporter gene is located on a multicopy plasmid 
(pSPM78.3M). Therefore, cdc22-lacZ was introduced into cdcb cells by 
genetic crossing while the 3xMCB-lacZ reporter gene was introduced into 
cdcts cells by transformation. 
Reporter gene expression was assayed in two ways in these 
experiments. Cells carrying pPJK7 were subjected to Northern blot analysis, 
the expression of cdc22 was characterised and compared with the 
expression of the c&22-lacZ reporter gene. Additionally, 3-galactosidase 
nz 
activity (per ml of culture) was assayed in cultures of cells carrying each 
reporter gene, and the pattern of changes in activity upon shift observed in 
cells carrying pPJK7 compared with that observed in cells carrying 
pSPM 78.3M. 
4.1B cdc cells 
Initially, cultures of cdc cells were shifted from 24°C to 36°C, as a 
control for subsequent use of cdcb strains. The results are shown in figure 
4.1. Firstly, cdc cells carrying a single integrated copy of the cdc22-14cZ 
reporter gene (cdc[pPJK7(sc)]) were used. Upon shift from 24°C to 36°C, 
there was an initial acceleration in the rate at which cells pass through 
division (panel Al). This was then followed by a lag period in which cell 
division ceased, after which (about 1.5 hours after shift) division resumed, at 
a faster rate than in cells held at 24°C. The rate of accumulation of J-
galactosidase activity observed during the experiment was similar to the 
rate of increase of cell number (panel A3), and, for about 1.5 hours, did not 
increase faster in the culture shifted to 36°C than in the culture held at 24°C. 
After this point, activity increased faster at 36°C, reflecting the faster cellular 
growth rate at this temperature. 
The level of the lacZ and cdc22 transcripts both fell upon shift but 
started to increase again within 2 hours (panel B). However, the level of 
these transcripts never returned to the levels present in unshifted cells. The 
similarity between the expression patterns of the two transcripts was 
expected, given that both genes are expressed periodically in cdc cells 
grown in synchronous culture at 32°C (see section 3.5). Similar results were 
also expected when cdc cells carrying pSP178.3M (cdc[pSPz178.3M]) 
Figure 4.1 
Expression of cdc22. and of the c&22-lacZ and 3xMCB-lacZ reporter 
genes. in cdc' cells upon shift from 24°C to 36°C 
cdc[pPJK7(sc)] and cdc[pSPA178.3M] cells were grown to early log 
phase at 24°C. A portion of each culture was then shifted to 36°C; a control 
portion was left at 24°C. Samples were taken from both cultures at hourly 
intervals, beginning 1 hour before shift and continuing until 6 hours after 
shift, for the following purposes: (i) estimation of cell number (ii) 
determination of -galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA (cdc[pPJK7(sc)] only). 
Cell number and 3-galactosidase activity 
The results obtained using cdc[pPJK7(sc)] are shown in graphs I and 
3; those obtained using dc[pSPi178.3M] are shown in graphs 2 and 4. Cell 
number is shown in units of 106 cells/ml (graphs I and 2), and - 
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graphs 3 
and 4). Time is shown as minutes after the temperature shift. Open 
symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc[pPJK7(sc)] cells at intervals throughout 
the experiment, and subjected to Northern blot analysis (see section 2.3B). 
The blot was sequentially hybridised to lacZ, cdc22, and adhi probes (see 
section 2.60. RNA from the unshifted culture is in the lanes labelled 24°C, 
that from the culture subjected to shift in the lanes labelled 36°C. Time is 
shown as hours after the temperature shift. 
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were used, as the 3xMCB-lacZ reporter is also periodically expressed in cdc 
cells (Lowndes et al 1992b). 
In fact, the pattern of I-galactosidase activity seen upon shifting 
cdc[pSPM78.3M] to 36°C was similar to that seen in cdc4[pPJK7(sc)] (panel 
A4), but the rate of increase of activity upon shift was less. Additionally, 
absolute levels of activity per cell in exponentially growing cultures were 
over 5 times lower in cdc+[pSP1 78.3M] than in cdc[pPJK7(sc)].  A similar 
ratio between the activity of cells carrying pSPi178.3M and cells carrying 
pPJK7 in each cdcts strain examined was observed in subsequent 
experiments. 
The 3-galactosidase activity observed in cdc 4 [pSPAI78.3M] cells is 
largely dependent on the presence of the MCB trimer upstream of lacZ. This 
was demonstrated by measuring activity in cdc[pSPA178] cells, which carry 
a plasmid lacking the MCB trimer but otherwise identical to pSPAI78.3M. 
Activity per cell in cdc[pSP178] was consistently less than one fifth of that 
in cdc[pSPM78.3M]. 
The difference in the absolute levels of activity per cell between 
cdc[pPW7(sc)] and cdc[pSP178.3M] is not surprising, as one reporter 
gene is integrated into the genome and under the control of endogenous S. 
porn be sequences, and the other reporter gene is located on a multicopy 
plasmid and is under the control of synthetic sequences. As these 
experiments were designed to investigate changes in gene expression upon 
shift, identical initial levels of activity per cell were not required. This point 
is discussed later, in the light of the results achieved for all strains, in section 
4.1H. 
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tiC cdc22-C11, cdc17-K42 
The cdc22-C11 and cdcl7-K42 strains carry mutations in genes with 
known functions in DNA replication. cdc22 encodes the large subunit of 
ribonucleotide reductase (Fernandez-Sarabia et al, 1992) and cdcl 7 encodes 
DNA ligase (Barker et a!, 1987). Cells released from a cdc22-01 block are 
unable to replicate their DNA in the presence of hydroxyurea (HU) 
(Nasmyth and Nurse, 1981). Cells released from a c4c17-K42 block are able 
to replicate their DNA even in the presence of HU Was myth and Nurse, 
1981), indicating that cdc17 is required later in the cell cyde than cdc22. 
Arrest in cdcl7-K42 mutants is rad1-dependent (Al-Khodairy and Carr, 
1992). 
The results obtained for cdc22-C11 mutants are shown in figure 4.2. 
Shifting cdc22-01 [pPJK7(sc)] from its permissive temperature to its 
restrictive temperature resulted in a sustained increase in the rate of 
accumulation of -galactosidase activity (panel A3). This increase was 
much greater than that seen in cdc[pPJK7(sc)] (see figure 4.1). The level of 
both IacZ and cdc22 transcripts also increased sharply (panel B). 
The rate of accumulation of 3-galactosidase activity also increased 
upon shift in cdc22-01[pSPAI78.3M] (panel A4) much faster than in 
cdc[pSPM78.3M] (see figure 4.1). However, this increase was less sharp 
than that of cdc22-C11 [pPJK7(sc)]. This could be because the rate of plasmid 
replication (relative to the rate of cell division) may be altered upon 
temperature shift, which would effect levels of (3-galactosidase in cells 
carrying the plasmid-borne 3xMCB-lacZ reporter gene but not in cells 
carrying the integrated cdc22-lacZ reporter gene. Alternatively, it is possible 
that expression of cdc22-lacZ in arrested cdc22-01 cells is not entirely 
mediated by MCBs. 
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Figure 4.2 
Expression of cdc22. and of the c&22-lacZ and 3xMCB-lacZ reporter 
genes. in cdc22-C11 cells upon shift from 24°C to 36°C 
cdc22-C11[pPJK7(sc)] and cdc22-C11[pSPM78.3M] cells were grown 
to early log phase at 24°C. A portion of each culture was then shifted to 
36°C; a control portion was left at 24°C. Samples were taken from both 
cultures at hourly intervals, beginning 1 hour before shift and continuing 
until 6 hours after shift, for the following purposes: (i) estimation of cell 
number (ii) determination of 3-galactosidase activity by liquid culture assay 
(see section 2.51) (iii) preparation of total RNA (cdc22-C11[pPJK7(sc)] only). 
Cell number and ftalactosidase activity 
The results obtained using cdc22-C1 I [pPJK7(sc)] are shown in graphs 
1 and 3; those obtained using cdc22-C11 [pSPA178.3M] are shown in graphs 2 
and 4. Cell number is shown in units of 106 cells/mi (graphs I and 2), and 
J3-galactosidase activity in units of nmol ONPG hydrolysed/min/ml 
(graphs 3 and 4). Time is shown as minutes after the temperature shift. 
Open symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc22-CI 1 [pPJK7(sc)] cells at intervals 
throughout the experiment, and subjected to Northern blot analysis (see 
section 2.3B). The blot was sequentially hybridised to lacZ, cdc22, and ura4 
probes (see section 2.6C). RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
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When cdcl7-K42[pPJK7(sc)] cells were subjected to temperature shift 
(see figure 4.3), the rate of accumulation of 3-galactosidase activity (panel 
A2) increased upon shift, similarly to, but less sharply than, the increase 
observed in cdc22-01 [pPJK7(sc)]. The level of the cdc22 and lacZ 
transcripts also increased upon shift (panel B), although the level of adhi + 
transcript, which was intended to serve as a loading control, is inexplicably 
reduced in some lanes on the blot, and appears to increase after shift 
Expression in cdcl7-K42[pSPAI78.3M] cells was not investigated. 
The high levels of transcript and -galactosidase accumulation seen 
in cdc22-C11 and cdcl7-K42 arrested cells could simply be a consequence of 
arrest in S phase, as periodic, MCB-mediated expression of cdc22 occurs in 
growing cells around this time. Because of the difference in the rate of 
accumulation of activity observed in cells carrying the two reporter genes, it 
is not possible to say whether the expression of cdc22 in cdc22-01 arrested 
cells is entirely MCB-mediated, or whether other mechanisms are also 
involved. 
4.1D Hydroxyurea-induced arrest in cdc cells 
The level of the cdc22 transcript increases when cells are treated with 
-. hydroxyurea (Fernandez-Sarabia et al, 1993). Hydroxyurea (HU) 
specifically interferes with the action of ribonucleotide reductase and blocks 
cells in S phase (Mitchison and Creanor, 1971). To ask whether this 
induction could be mediated via MCBs, cultures of cdc[pPJK7(sc)] and 
cdc+[pSPA178.3M] were grown to early log phase and a portion of each 
culture was treated with HU. In common with the experiments performed 
using cell cyde mutants, gene expression was investigated by performing 
W. 
Figure 43 
Expression of cdc22 and the cdc22-lacZ reporter gene in cdcl7-K42 cells 
upon shift from 24°C to 36°C 
cdcl 7-K42 [pPJK7(sc)] cells were grown to early log phase at 24°C. A 
portion of the culture was then shifted to 36°C; a control portion was left at 
24°C. Samples were taken at hourly intervals, beginning 1 hour before shift 
and continuing until 6 hours after shift, for the following purposes: (i) 
determination of cell number (ii) determination of 3-galactosidase activity 
by liquid culture assay (see section 2.50 (iii) preparation of total RNA. 
Cell number and (-galactosidase activity 
Cell number is shown in units of 106 cells/mi (graph 1), and - 
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graph 
2). Time is shown as minutes after the temperature shift. Open symbols 
indicate the values obtained from the culture left at 24°C throughout the 
experiment; filled symbols indicate the values obtained from the culture 
shifted to 36°C. 
Transcript levels 
RNA was prepared from cells at intervals throughout the experiment 
and subjected to Northern blot analysis (see section 2.3B). The blot was 
sequentially hybridised to lacZ, cdc22, and adhi probes (described in section 
2.60. RNA from the unshifted culture is in the lanes labelled 24°C, that 
from the culture subjected to shift in the lanes labelled 36°C. Time is shown 
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Northern blot analysis in the strain carrying pPJK7, while -galactosidase 
activity was assayed in both strains. 
The expression of the suc22 gene was also monitored in this 
experiment. suc22 encodes the small subunit of ribonudeotide reductase, 
and has two transcripts (Fernandez-Sarabia et al, 1993). The small transcript 
is constitutively expressed (Gordon and Fantes, 1986); the large transcript is 
periodically expressed, though at a much lower level than the small 
transcript (C. Mclnerny, personal communication), and is induced when 
cells are treated with HU (Fernandez-Sarabia et al, 1992). It is possible that 
cdc22 and suc22 are co-ordinately regulated (see sections 6.1B, 7.6). 
The results are shown in figure 4.4. With both strains, HU-induced 
arrest was indicated by a dramatic fall in the rate of cell division 3 hours 
after treatment (panels Al, A2). When cdc+[pPJK7(sc)] was used, cdc22, 
cdc22-lacZ and suc22 large transcript were all induced upon HU treatment 
(panel B). The rate of accumulation of -galactosidase activity also 
increased (panel A3). When cdc[pSPM78.3M] was used, the rate of 
accumulation of -galactosidase activity also rose upon HU treatment, but 
much less steeply (panel A4). 
cdc22 and suc22 large transcript are also induced when DNA is 
directly damaged with the IN mimetic 4-nitroquinoline-1-oxide (4-NQO). 
rad1 is required for arrest, and for cdc22 or suc22 large transcript 
expression, in response to either HU or 4-NQO (P. Harris, personal 
communication). However, the response to 4-NQO is observed throughout 
the cell cycle whereas the response to HIJ is only observed in cells in S 
phase (P. Harris, personal communication). On this basis, it seems likely 
that blocking the cell cycle with HU is equivalent to arresting a cdc22 
mutant by shifting it to its restrictive temperature. 
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Figure 4.4 
Expression of cdc22, suc22, and of the c&22-lacZ and 3xMCB-lacZ 
reporter genes, in response to hydroxyurea treatment 
cdc[pPJK7(sc)] and cdc[pSPM783M] cells were grown to early log 
phase at 28°C. Hydroxyurea was then added to a portion of the culture to a 
final concentration of 0.012 M; a control portion was left untreated. Samples 
were taken from both cultures at hourly intervals, beginning 1 hour before 
shift and continuing until 5 hours after shift, for the following purposes: (i) 
determination of cell number (ii) determination of 13-galactosidase activity 
by liquid culture assay (see section 2.51) (ii) preparation of total RNA 
(cdc[pPJK7(sc)] only). 
Cell number and J3-galactosidase activity 
The results obtained when using cdc[pPJK7(sc)] are shown in graphs 
I and 3; those obtained using cdc[pSPM78.3M] are shown in graphs 2 and 
4. Cell number is shown in units of 106 cells/ml (graphs I and 2), and 13-
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graphs 3 
and 4). Time is shown as minutes after HLJ addition. Open symbols 
indicate the values obtained from the untreated culture; filled symbols 
indicate the values obtained from the culture to which HU was added. 
Transcript levels 
RNA was prepared from cdc[pPJK7(sc)] cells at intervals throughout 
the experiment, and subjected to Northern blot analysis (see section 2.3B). 
The blot was sequentially hybridised to lacZ, cdc22, suc22 and adhi probes 
(described in section 2.60. RNA from the culture left untreated is located in 
the lanes labelled "-HU"; that from the culture to which HU was added is 
located in the lanes labelled "+HU". Time is shown as hours after HU 
addition. 
110 

















A faster rate of accumulation of -galactosidase activity had been 
seen in arrested cdc22-C11[pPJK7(sc)] cells than in cdc22-C11[pSPA178.3M] 
cells, but the difference between the rate of accumulation of -galactosidase 
activity in HtJ-arrested cdc+[pPJK7(sc)] and cdc+[pSPAI78.3M] cells was 
greater than this. There is no explanation for this at present. However, it 
has been suggested that transcription of genes encoding subunits of RNR in 
S. cerevisiae in response to both HU and the DNA damaging agent methyl 
methanesulfate is dependent on the Duni protein kinase (Thou and Elledge, 
1993). It is possible that expression of cdc22 and suc22 large transcript in 
S. pombe in response to HU treatment is partially mediated by a separate 
mechanism to that which directs their periodic expression. 
4.1E cdc2-33, cdc2 -1 7, cdc13-117, cdc25-22 
The cdc2-33, cdc2-17, cdc13-117, and cdc25-22 mutants are defective in 
genes required for passage of the G2-M transition. The cdc2 gene encodes 
the universal protein kinase required for entry into mitosis (reviewed in 
Nurse, 1990) which is also required in S. pombe for passage through Start 
(Nurse and Bissett, 1981). In exponentially growing, asynchronous culture 
of cdc2-33 (or cdc) cells, 90% of cells are between Start and the G2-M 
transition (Bostock, 1970). Thus, shifting cdc2-33 mutant cells to the 
restrictive temperature results predominantly in arrest at the G2-M 
transition (Nurse and Bissett, 1981). The cdc2-17 mutation impairs cdc2 
function only at the G2-M transition; cells carrying this mutation do not 
arrest at Start (MacNeill et al, 1991). 
The cdc13 gene encodes a B type cyclin (Goebi and Byers, 1998; 
Solomon et al, 1988) which forms complexes with cdc2, and which is 
required for kinase activity and for entry into mitosis (Moreno et al, 1989). 
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The cdc25 gene encodes a phosphatase (Russell and Nurse, 1986; Gould et 
al, 1990) that dephosphorylates the tyrosine-15 residue on cdc2 (Gould and 
Nurse, 1989). This dephosphorylation is another requirement for p34 kinase 
activity (Moreno et al, 1990), and cdc25 function is rate limiting for mitotic 
entry (Fantes, 1979; Fantes, 1981; Russell and Nurse, 1986). 
In cdc2-33 mutant cells (see figure 4.5), cell number did not increase 
between 2 and 6 hours after shift to restrictive temperature, indicating the 
imposition of a tight cell cycle block (panels Al and A2). In the cdc2- 
33 [pPJK7(sc)] strain, this was accompanied by a sharp fall in the level of the 
cdc22 and cdc22-lacZ transcripts. A trough in the levels of both transcripts 
was reached 2-3 hours after shift, after which they increased, although 
neither returned to the levels found prior to shift. 
3-galactosidase activity after shift increased throughout the 
experiment, although no faster, overall, than it did in the unshifted culture 
(panel A3). As the growth rate of cells is faster at 36°C, this result indicated 
a fall in the rate of figalactosidase levels relative to overall cell growth, 
although some synthesis of the enzyme must have continued. The rate of 
accumulation of f3-galactosidase activity at 36°C increased slightly during 
the course of the experiment. 
In the cdc2-33 [pSP178.3M], a similar pattern of -galactosidase 
accumulation was observed after shift (panel A4). The fall in the level of 
expression of cdc22 and of both reporter genes upon arrest at the G2-M 
transition are consistent with the hypothesis that expression of all three 
genes occurs largely in S phase under MCB control. The low continuing 
level of expression of these genes may result from a small proportion of cells 
leaking through the block and attempting to replicate their DNA. 
The results obtained when cdc2-17 cells carrying either reporter gene 
were subjected to temperature shift (see figure 4.6) were similar to those 
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Figure 4.5 
Expression of cdc22. and of the c&22-lacZ and 3xMCB-lacZ reporter 
genes. in cdc2-33 cells upon shift from 24°C to 36°C 
cdc2-33[pPJK7(sc)] and cdc2-33[pSPA178.3M] cells were grown to 
early log phase at 24°C. A portion of each culture was then shifted to 36°C; 
a control portion was left at 24°C. Samples were taken from both cultures at 
hourly intervals, beginning 1 hour before shift and continuing until 6 hours 
after shift, for the following purposes: (i) estimation of cell number (ii) 
determination of 13,galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA (e4c2-33 [pPJK7(sc)] only). 
Cell number and 3-ga1actosidase activity 
The results obtained using cdc2-33[pPJK7(sc)] are shown in graphs I 
and 3; those obtained using cdc2-33[pSP178.3M] are shown in graphs 2 and 
4. Cell number is shown in units of 106 cells/mi (graphs 1 and 2), and - 
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graphs 3 
and 4). Time is shown as minutes after the temperature shift. Open 
symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc2-33[pPJK7(sc)] cells at intervals 
throughout the experiment, and subjected to Northern blot analysis (see 
section 2.3B). The blot was sequentially hybridised to lacZ, cdc22, and ura4 
probes (see section 2.60. RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
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Figure 4.6 
Expression of cdc22, and of the c&22-lacZ and 3xMCB-lacZ reporter 
genes. in cdc2-l7cells upon shift from 24°C to 36°C 
cdc2-17[pPJK7(sc)] and cdc2-17[pSPAI78.3M] cells were grown to 
early log phase at 24°C. A portion of each culture was then shifted to 36°C; 
a control portion was left at 24°C. Samples were taken from both cultures at 
hourly intervals, beginning 1 hour before shift and continuing until 6 hours 
after shift, for the following purposes: (i) estimation of cell number (ii) 
determination of -galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA (r4c2-1 7[pPJK7(sc)] only). 
Cell number and ftalactosidase activity 
The results obtained using cdc2-17[pPJK7(sc)] are shown in graphs 1 
and 3; those obtained using cdc2-17[pSPM78.3M] are shown in graphs 2 and 
4. Cell number is shown in units of 106  cells/ml (graphs I and 2), and 3-
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graphs 3 
and 4). Time is shown as minutes after the temperature shift. Open 
symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc2-1 7[pPJK7(sc)] cells at intervals 
throughout the experiment, and subjected to Northern blot analysis (see 
section 23B). The blot was sequentially hybridised to lacZ, cdc22, and ura4 
probes (see section 2.60. RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
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obtained using c4c2-33 cells. This suggests that the small proportion of 
cdc2-33 cells which arrested at Start did not significantly contribute to the 
expression patterns observed in this mutant. 
The results obtained when cdc13-117 cells were subjected to 
temperature shift are shown in figure 4.7. When cdc13-117[pPJK7(sc)]  was 
used, levels of the cdc22 and cdc22-IacZ transcripts fell to almost zero after 
2-3 hours. Subsequently, levels of both transcripts increased, until they 
exceeded the levels found in unshifted cells (panel B). Similarly, - 
galactosidase activity per ml of culture reached a plateau, indicating that 
very little new synthesis of -galactosidase activity was occurring, 2-3 hours 
after shift. This was followed by a sharp increase in activity, so that, 6 hours 
after shift, activity per ml of culture was higher in the shifted cells than in 
the control culture left at 24°C (panel A3). 
When cdcl3-117[pSPAI78.3M] was used, a similar, but less 
pronounced, pattern of accumulation of activity was observed. Activity 
again reached a plateau after shift, but the subsequent increase was less 
steep (panel A4). It can be concluded that at least some, and possibly all, of 
the increase in cdc22 and cdc22-lacZ levels which occurred 3-6 hours after 
shift was MCB-mediated. The simplest explanation of this increase is that 
cell cycle arrest was not tight, and that some cells had reached the G1-S 
boundary in the subsequent cell cycle. 
When cdc25-22 cells carrying the cdc224acZ reporter (cdc25-
22[pPJK7(sc)]) were subjected to temperature shift, the results obtained were 




'J(-i(.)Eeitf 	and T the rr 	li1MF7i rel2ort  
cdc13-117[pPJK7(sc)] and cdc13-117[pSPiM78.3M] cells were grown to 
early log phase at 24°C. A portion of each culture was then shifted to 36°C; 
a control portion was left at 24°C. Samples were taken from both cultures at 
hourly intervals, beginning 1 hour before shift and continuing until 6 hours 
after shift, for the following purposes: (i) estimation of cell number (ii) 
determination of 3-galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA (e4c13-117[pPJK7(sc)1 only). 
Cell number and f-galactosidase activity 
The results obtained using cdc13-I17EpPJK7(sc)1 are shown in graphs 
1 and 3; those obtained using cdc13-117[pSPi178.3M] are shown in graphs 2 
and 4. Cell number is shown in units of 106  cells/ml (graphs I and 2), and 
P-galactosidase activity in units of nmol ONPG hydrolysed/min/ml 
(graphs 3 and 4). Time is shown as minutes after the temperature shift. 
Open symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc13-117[pPJK7(sc)] cells at intervals 
throughout the experiment, and subjected to Northern blot analysis (see 
section 2.3B). The blot was sequentially hybridised to lacZ, c4c22, and ura4 
probes (see section 2.6C). RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
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Expression of cdc22 and the cdc22-lacZ reporter gene in cdc25-22 cells 
upon shift from 24°C to 36°C 
cdc25-22[pPJK7(sc)] cells were grown to early log phase at 24°C. A 
portion of the culture was then shifted to 36°C; a control portion was left at 
24°C. Samples were taken at hourly intervals, beginning 1 hour before shift 
and continuing until 6 hours after shift, for the following purposes: (i) 
determination of cell number (ii) determination of -galactosidase activity 
by liquid culture assay (see section 2.51) (iii) preparation of total RNA. 
Cell number and f-galactosidase activity 
Cell number is shown in units of 106 cells/mi (graph 1), and - 
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graph 
2). Time is shown as minutes after the temperature shift. Open symbols 
indicate the values obtained from the culture left at 24°C throughout the 
experiment; filled symbols indicate the values obtained from the culture 
shifted to 36°C. 
Transcript levels 
RNA was prepared from cells at intervals throughout the experiment 
and subjected to Northern blot analysis (see section 23B). The blot was 
sequentially hybridised to lacZ, cdc22, and ura4 probes (described in section 
2.60. RNA from the unshifted culture is in the lanes labelled 24°C, that 
from the culture subjected to shift in the lanes labelled 36°C. Time is shown 




31 Cell Number 
2 
1 21- 




: t Activity 
10 
S 
B 	 24°C 36°C 
Time 	-1 0 1 	2 3 4 5 6L 2 	3 	4 	5 	6 
lacZ 41P W 4p 40 	 op 10 go 
cdc22 - O - - 40 db — 
ura4 ..•ø• • S 
4.1F cdclO-129,cdclO-C4 
Two cdc genes are required for passage of Start in S. pombe, cdc2 and 
cdc1O. cdc2ts mutants can only be arrested at Start if they are pre-
synchronised in mitosis or early Cl prior to shift, because cdc2 is also 
required at G2-M. Such experiments are described in section 4.3. 
cdc1O acts at Start (Nurse and Bissett, 1981) and encodes a 
phosphoprotein (Simanis and Nurse, 1989). cdclO ispart of the DSC1Sp 
complex that binds MCBs and is required to activate transcription of MCB-
controlled genes (Lowndes et al, 1992b). Two mutant strains of cdclO were 
used in these experiments; cdclO-129, which carries a point mutation in the 
cdclO gene, and cdclO-C4, which carries a mutation that results in the 
deletion of 61 C-terminal amino acids from cdclO (Reymond et al, 1992). 
The results obtained for cdclO-129 are shown in figure 4.9. When 
cdc1O-129[pPJK7(sc)] was subjected to temperature shift, the level of the 
cdc22 transcript fell, but not to zero. cdc22-1acZ transcript levels did not fall 
significantly, and the -galactosidase activity accumulated throughout the 6 
hours after shift faster than in unshifted cells. These results differ 
significantly from those obtained using cdc2tS[pPJK7(sc)] (figures 4.4,4.5), 
when transcript levels fell more sharply upon shift and activity accumulated 
no faster at 36°C than in cells left at 24°C. The expression patterns obtained 
using cdc1O-129[pPJK7(sc)] more closely resemble those obtained upon 
shifting cdc[pPJK 7(sc)] (figure 4.1), when transcript levels fell and the rate 
of accumulation of 3-galactosidase activity rose slightly. However, the rise 
in -galactosidase accumulation upon shift is much sharper in cdclO-129 
[pPJK7(sc)] than in cdc[pPJK7(sc)]. This is surprising, in view of the role of 
cdclO in jcjSp. 
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Figure 4.9 
Expression of cdc22. and of the c&22-lacZ and 3xMCB-lacZ reporter 
genes. in cdclO-129 cells upon shift from 24°C to 36°C 
cdc1O-129[pPJK7(sc)] and cdclO-129[pSPA178.3M] cells were grown to 
early log phase at 24°C. A portion of each culture was then shifted to 36°C; 
a control portion was left at 24°C. Samples were taken from both cultures at 
hourly intervals, beginning 1 hour before shift and continuing until 6 hours 
after shift, for the following purposes: (i) estimation of cell number (ii) 
determination of -galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA (cdc1O-129[pPJK7(sc)1 only). 
Cell number and 3-galactosidase activity 
The results obtained using cdc1O-129[pPJK7(sc)] are shown in graphs 
1 and 3; those obtained using cdc1O-129[pSPi178.3M] are shown in graphs 2 
and 4. Cell number is shown in units of 106 cells/mi (graphs 1 and 2), and 
13-galactosidase activity in units of nmol ONPG hydrolysed/min/ml 
(graphs 3 and 4). Time is shown as minutes after the temperature shift. 
Open symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdclO-129[pPJK7(sc)] cells at intervals 
throughout the experiment, and subjected to Northern blot analysis (see 
section 2.3B). The blot was sequentially hybridised to lacZ, cdc22, and adhi 
probes (see section 2.60. RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
36°C. Time is shown as hours after the temperature shift. 
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When cdclO-129[pSPM78.3M] was subjected to temperature shift, the 
pattern of 3-galactosidase activity observed was strikingly different. 
Activity per ml of culture stopped increasing 1 hour after shift and did not 
increase subsequently during the course of the experiment. This indicates 
that very little new synthesis of (-galactosidase occurred after shift, and 
demonstrates the absolute requirement for cdclO of MCB-driven gene 
expression during the cell cycle. Additionally, it demonstrates that the 
expression pattern of cdc22-1acZ, and, by implication, of cdc22, upon arrest 
in cdclO-129 mutants cannot be conferred upon a reporter gene by MCBs 
alone. It appears that the expression of cdc22 in cdclO-129 arrested cells is 
under different regulatory control that which directs periodic expression 
during the cell cyde. 
It is possible that the effect of this regulatory mechanism can be 
mediated via the MCBs upstream of the endogenous cdc22 gene, but not by 
the synthetic arrangement of MCBs present in pSPi178.3M. Given that the 
synthetic arrangement of MCBs is able to direct periodic regulation of the 
reporter gene (Lowndes et al, 1992b), this hypothesis seems unlikely. An 
alternative hypothesis is that cdc22 expression in arrested c4clO-129 cells is 
dependent on one (or more) novel elements, acting either independently or 
in concert with the MCBs. 
The results obtained for cdclO-C4 are shown in figure 4.10. The most 
striking observation in these experiments was made on cells which had not 
been shifted to 36°C but which were growing exponentially at 24°C. Levels 
of activity per cell were much higher than in wild type cells. Activity per 
cell, recorded in exponentially growing cells at permissive temperature, did 
vary between the other cdcts strains examined but over a range of less than 
two fold (see data in sections 4.2C, 4.213, 4.2E and 4.2F; also see section 
4.IH). In contrast, in repeated experiments at 24°C, activity per cell was 9 
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Figure 4.10 
Expression of cdc22. and of the c&22-lacZ and 3xMCB-lacZ reporter 
genes. in cdclO-C4 cells upon shift from 24°C to 36°C 
cdc10-C4[pPJK7(sc)] and cdc10-C4[pSPAI78.3M] cells were grown to 
early log phase at 24°C. A portion of each culture was then shifted to 36°C; 
a control portion was left at 24°C. Samples were taken from both cultures at 
hourly intervals, beginning 1 hour before shift and continuing until 6 hours 
after shift, for the following purposes: (i) estimation of cell number (ii) 
determination of f-galactosidase activity by liquid culture assay (see section 
2.50 (iii) preparation of total RNA (cdc10-C4[pPJK7(sc)1 only). 
Cell number and f3-galactosidase activity 
The results obtained using cdc10-C4[pPJK7(sc)] are shown in graphs I 
and 3; those obtained using cdc10-C4[pSPM78.3M] are shown in graphs 2 
and 4. Cell number is shown in units of 106 cells/nil (graphs I and 2), and 
3-galactosidase activity in units of nmol ONPG hydrolysed/min/ml 
(graphs 3 and 4). Time is shown as minutes after the temperature shift. 
Open symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdcl0-C4[pPJK7(sc)] cells at intervals 
throughout the experiment, and subjected to Northern blot analysis (see 
section 2.313). The blot was sequentially hybridised to lacZ, cdc22, and ura4 
probes (see section 2.60. RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
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times higher on average in cdc1O-C4[pPJK7(sc)] than in cdc+[pPJK7(sc)]. C. 
Mclnerny (personal communication) subsequently showed, by quantitative 
Phosphor Image analysis, that the level of cdc22 transcript is 8 times higher 
in cdclO-C4 than in wild type at 24°C. 
Upon shifting cdc1O-C4[pPJK7(sc)] to its restrictive temperature, the 
rate of increase of activity per ml of culture initially slowed and then 
increased slightly (panel A3). Over the duration of the experiment, activity 
increased no faster in the culture shifted to 36°C than it does in the control 
culture kept at 24°C, indicating a fall in the rate of accumulation of activity 
relative to overall cell growth. The levelsof the cdc22 and cdc22-lacZ 
transcripts 	both initially fell sharply, but increased slightly from 3-6 
hours after shift. 
When cdc1O-C4[pSPAI78.3M] was grown at 24°C, activity per cell was 
13 times higher than that recorded in cdc[pSPA178.3M]. This is similar to 
the ratio of activity per cell between cdclO-C4 and cdc cells carrying the 
cdc22-!acZ reporter gene, consistent with the hypothesis that the over-
expression of cdc22 and cdc22-1acZ in cdclO-C4 cells is largely mediated by 
the MCBs present in their promoters. Upon shifting cdc1O-C4[pSPM78.3M] 
to 36°C, J-galactosidase activity per ml culture stopped increasing and 
underwent a slight fall (panel A4). 
The level of cdc22 transcript is very similar in cdclO-129 and cdclO-
C4 cells at 36°C (C. Mclnerny, personal communication). it is possible that 
the same regulatory mechanism is responsible for expression of cdc22 in 
both cdclOts mutants upon arrest. 
The question of why cdc22 is overexpressed in unarrested cdclO-C4 
cells is considered in section 4.6. 
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4.1G cdcl-7, cdc27-P11 
cdc1 (Fantes et al, 1991) and cdc27 (Hughes et a!, 1992) are genes of 
unknown biochemical function. There are genetic interactions between 
cdcl + and cdc27 and physical interactions between the proteins they encode 
(S. MacNeil!, personal communication). Temperature sensitive cdcl and 
cdc27 mutants possess similar phenotypes to one another, and arrest upon 
shift to restrictive temperature with a terminal phenotype typical of mutants 
unable to enter mitosis (Nurse et al, 1976; Nasmyth and Nurse, 1981). 
Arrest in cdc27ts mutants is rad1-dependent; cdc27 radl-1 double mutants 
lose viability after shift to restrictive temperature, although only upon 
passage through S phase (S. McNeil, personal communication). This 
suggests that cdc27 (and cdc1) may have a role in late S phase, after most 
bulk DNA replication has occurred. cdcl-7 radl-1 double mutants are 
inviable at any temperature (S. MacNeill, personal communication); it is 
likely that cdc1 ts arrest is also rad1-dependent. 
The results obtained for cdcl-7 are shown in figure 4.11. When cdcl - 
7[pPJK7(sc)] was shifted to 36°C, both the cdc22 and cdc22-lacZ transcripts 
persisted at levels similar to those found in unshifted cells (panel B). J-
galactosidase activity increased sharply upon shift (panel A3); less steeply 
than in cdc22-C11 [pPJK7(sc)] (see figure 4.2) but significantly faster than in 
cdc+[pPJK7(sc)] (see figure 4.1). 
When cdc1-7[pSPi178.3M] was used, 3-galactosidase activity per ml 
of culture initially stopped increasing, but then increased from 3-6 hours 
after shift (panel A4). Overall, the increase in activity recorded in the 
culture shifted to 36°C was no greater than that observed in the control 
culture kept at 24°C. This is consistent with a decrease in the rate of 
accumulation of activity relative to overall cell growth. 
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cdc1-7[pPJK7(sc)] and cdcl-7[pSPM78.3M] cells were grown to early 
log phase at 24°C. A portion of each culture was then shifted to 36°C; a 
control portion was left at 24°C. Samples were taken from both cultures at 
hourly intervals, beginning 1 hour before shift and continuing until 6 hours 
after shift, for the following purposes: (i) estimation of cell number (ii) 
determination of (3-galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA (cdc1-7[pPJK7(sc)1 only). 
Cell number and -galactosidase activity 
The results obtained using cdc1-7EpPJK7(sc)1 are shown in graphs 1 
and 3; those obtained using cdcl-7[pSPM78.3M] are shown in graphs 2 and 
4. Cell number is shown in units of 106 cells/ml (graphs I and 2), and J3-
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graphs 3 
and 4). Time is shown as minutes after the temperature shift. Open 
symbols indicate the values obtained from the culture left at 24°C 
throughout the experiment; filled symbols indicate the values obtained from 
the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc1-7[pPJK7(sc)] cells at intervals 
throughout the experiment, and subjected to Northern blot analysis (see 
section 2.313). The blot was sequentially hybridised to lacZ, cdc22, and adhi 
probes (see section 2.60. RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
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The sharp fall in cdc22 transcript seen upon arresting cdc2ts, cdcl3ts  
or cdc25ts mutants suggests that periodic transcription of cdc22 ceases prior 
to the G2-M transition. Thus it might have been expected, given the 
terminal phenotype of cdcl-7 mutants, that there would be a similar fall in 
expression of these genes in this strain. cdcl-7 is a leaky mutation, as 
indicated by the continued increase in cell number at the restrictive 
temperature (panels Al, Al). This could explain part of the increase in - 
galactosidase activity observed in "arrested" cells. But leakiness could not 
explain the fact that there is a greater increase in activity upon shift to 36°C 
in cdc1-7[pPJK7(sc)] than in cdc[pPJK7(sc)]. Additionally, leakiness does 
not explain the striking difference between the expression patterns of the 
two reporter genes. 
Thus it can be concluded that expression of cdc22 and the cdc22-lacZ 
reporter gene occurs in cdcl-7 arrested cells, outwith the normal period of 
cell cycle-regulated expression, and that MCBs alone are unable to mediate 
this expression. This suggests the presence of an additional regulatory 
element, located upstream of the cdc22 gene, which mediates this 
expression, independently of or in concert with MCBs. 
When cdc27-P11 cells carrying the cdc22—lacZ reporter (cdc27- 
P11 [pPJK7(sc)]) were subjected to temperature shift, the results obtained 
were similar to those obtained with cdcl-7[pPJK7(sc)], and are shown in 
figure 4.12. This was unsurprising given the known physical and genetic 
interactions between cdcl+ and cdc27. However, a further question relating 
to the cdc27-P11 mutant was addressed. In cdclO-129, cdc22-C11, cdcl7-K42, 
and cdcl-7 cells, cdc22 is expressed upon cell cycle arrest, and the large 
transcript of suc22 1  which is expressed at low levels in low levels in 
exponentially growing cells (Fernandez-Sarabia et al, 1993), is heavily 
induced (P. Harris, personal communication). Given the similarity of the 
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Figure 4.12 
Expression of cdc22 and the cdc22-lacZ reporter gene in cdc27-Pl1 cells 
upon shift from 24°C to 36°C 
A culture of cdc27-Pl1[pPJK7(sc)] was grown to early log phase at 
24°C in liquid culture. A portion of the culture was then shifted to 36°C; a 
control portion was left at 24°C. Samples were taken at hourly intervals, 
beginning 1 hour before shift and continuing until 6 hours after shift, for the 
following purposes: (i) determination of cell number (ii) determination of - 
galactosidase activity by liquid culture assay (see section 2.50 (iii) 
preparation of total RNA. 
Cell number and f3-galactosidase activity 
Cell number is shown in units of 106 cells/ml (graph 1), and - 
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graph 
2). Time is shown as minutes after the temperature shift. Open symbols 
indicate the values obtained from the culture left at 24°C throughout the 
experiment; filled symbols indicate the values obtained from the culture 
shifted to 36°C. 
Transcript levels 
RNA was prepared from cells at intervals throughout the experiment 
and subjected to Northern blot analysis (see section 2.3B). The blot was 
sequentially hybridised to radionudeotide-labelled IacZ, cdc22, and ad/il 
probes (described in section 2.6C). RNA from the unshifted culture is in the 
lanes labelled 24°C, that from the culture subjected to shift in the lanes 
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cdcl-7 and cdc27-P11 phenotypes, it was considered likely that the large 
LI' 
transcript of suc22 might also be expressed cdc27-P11 cells at restrictive 
temperature. 
Therefore, RNA was prepared from an exponentially growing culture 
of cdc27-P11 cells at intervals after shift to restrictive temperature. Northern 
blot analysis indicated that the large transcript of suc22 is expressed upon 
shifting cdc27-P11 cells to their restrictive temperature (see figure 4.13). 
Interestingly, levels peaked two hours after shift then fell, perhaps because 
of the leakiness of the cdc27-P11 mutation. This result is consistent with 
other evidence (see sections 4.1E, 6.2B) that cdc22 and the large transcript of 
suc22+ are co-ordinately regulated. 
4.1H Discussion. 
The experiments described above involved arresting various cdcth 
mutants and comparing the expression of two different !acZ reporter genes 
to each other and to the expression of the endogenous cdc22+ gene. In these 
experiments, highly repeatable patterns of change in 13-galactosidase activity 
were observed, although activity per cell did vary between repeated 
experiments with a maximum range of about 2 fold. When the level of IacZ 
transcript was determined, it was generally similar to the level of cdc22 
transcript and a consistent relationship between changes in the level of lacZ 
transcript and changes in 3-galactosidase activity was seen. 
For most cdcb mutants, the pattern of -galactosidase activity 
observed during most experiments using cells carrying the cdc22-lacZ 
reporter was broadly similar to that of cells carrying the 3xMCB-1acZ 
reporter. This indicates that MCBs are sufficient to mediate (most of) the 
expression of e4c22-lacZ and, by implication, of cdc22. Differences between 
Figure 4.13 
The large transcript of suc22is induced in cdc27-P11 cells upon shift from 
24°C to 36°C 
A culture of S. pombe cells carrying the cdc27-P11 mutation was 
grown to early log phase at 24°C, then shifted to 36°C. Samples were taken 
immediately before shift, and at 2 and 4 hours after shift, for preparation of 
total RNA. This was subjected to Northern blot analysis (see section 2.3C), 
and sequentially hybridised to c4c22, suc22, and adhi probes (see section 
2.60. Time is shown as hours after the temperature shift. 
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these patterns may be a consequence of the integration of one reporter gene 
into the S. pombe genome whereas the other reporter gene was plasmid-
borne. However, in two cdcts mutants, there was a far greater difference 
between the expression patterns of cells carrying the two reporter genes. 
These results, obtained using cdclO-129 and c4cl-7 cells, were in 
striking contrast to the general pattern, as the 3xMCB-1acZ reporter was not 
expressed similarly to the c&22-lacZ reporter. Additionally, significant 
expression of cdc22 occurred after arrest, despite the fact that the arrest 
points of these two mutants are not located at the times during the cell cyde 
when periodic expression would be expected to occur. A conclusion is that 
in these two strains, at least one novel regulatory system is directing gene 
expression, and that MCBs, by themselves, are insufficient to mediate this. 
Cell cycle arrest in cdclts mutants upon shift to their restrictive 
temperature is probably rad1-dependent (see section 4.IG). It is possible 
that expression of cdc22 (and of the large transcript of suc22) in cdcl-7 
arrested cells is also rad1-dependent, rather than a direct consequence of 
the absence of cdcl function. This is highly plausible because rad1-
dependent expression of cdc22 and suc22 large transcript has been 
observed, in cultures of wild type S. pombe cells upon treatment with the 
DNA damaging agent, 4-nitroquinoline-1-oxide (P. Harris, personal 
communication). 
It is believed that radl senses damage to DNA and incomplete DNA 
replication, and in response to either stimulus blocks entry into mitosis 
(Enoch et a!, 1992; Al-Khodairy and Carr, 1992; Rowley et a!, 1992). An 
extension to this model is that expression of the two genes which encode 
subunits of ribonucleotide reductase may be another consequence of radi 
function. In S. cerevisiae, mutants have been isolated in which the genes 
encoding RNR show an altered pattern of induction in response to DNA 
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damage (reviewed in Elledge et al, 1993). In particular ,the protein kinase 
Duni is required for expression of these genes in response to HU, and to the 
DNA damaging agent methyl methanesulfonate (Thou and Elledge, 1993). 
Cell cycle arrest in cdclOts mutants is not rad1-dependent (S. 
McNeil, personal communication). The question of the rad1-dependence 
of cdc22 expression in cdclO-129 arrested cells was investigated 
subsequently (see section 4.2). 
4.2 rad1-dependency of cdc22 and suc22' large transcript expression 
upon cell cyde arrest in cdcts mutants 
The presence of significant levels of cdc22 and cdc22-IacZ transcripts 
had been observed in arrested cells carrying cdclO-129, cdc22-01, cdcl7-K42, 
cdcl-7 or cdc27-P11 mutations. The large transcript of the suc22 gene is 
similarly expressed in these cells (P. Harris, personal communication; see 
also section 4.IG), and it has recently been shown that this transcript is 
periodically regulated in a normal cell cycle, although the level of 
expression is very low (C. Mdnerny, personal communication). 
Additionally, cdc22 and suc22 large transcript are expressed at higher 
levels in asynchronous culture in cdclO-C4 mutants (at permissive 
temperatures) than in cdc cells (C. Mdnerny, personal communication; see 
also sections 4.1E, 4.6). 
In a normal cell cycle, it appears that cdc22 is expressed under 
DSC1SP control (Lowndes et al, 1992b; C. Mclnerny, personal 
communication) and the transcript is only present at detectable levels for a 
short period, indicated by synchronous cultures to be less than 20% of the 
cell cycle (Gordon and Fantes, 1986). When cdc22 is expressed in cdcl7-K42 
or cdc22-C1 1 arrested cells, this could be a result of arresting the cells during 
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the period of the cell cycle when the gene is expressed in unblocked cells. 
Alternatively or additionally, the cdc22 might be expressed as a specific 
response to cell cyde arrest Expression of cdc22 in cells arrested by the 
cdclO-129 and cdcl-7 mutations is more likely to be a specific response to cell 
cycle arrest, because the timing of their arrest points during the cell cyde 
is not co-incident with the timing of periodic expression. In cdcl-7 arrested 
cells, this expression is likely to be rad1-dépendent, although this cannot be 
directly tested due to the lethality of cdcl-7 radl-1 double mutants (see 
section 4.IG). 
The expression of cdc22 and suc22 large transcript when cells are 
treated with 4-NQO is known to be rad1-dependent (P. Harris, personal 
communication). Thus it was decided to investigate whether rad1 was 
required for the expression of cdc22 and suc22 large transcript observed in 
cdclO-129, cdclO-C4, cdc22-01, and cdcl7-K42 mutants. This question was 
investigated by P. Harris, C. Mclnerny, and myself. S. pombe strains were 
made, combining each single c4cb  mutant with the radl-1 mutation. 
Cultures of each single and double mutant were grown at their permissive 
temperatures, and a portion of each culture was then transferred to 36°C. 
Cells were taken from each culture and total RNA was prepared, which was 
then subjected to Northern blot analysis. 
The results are shown in figure 4.14. Levels of cdc22 transcript after 
3.5 hours at 36°C in cdclO-129 and cdcl7-K42 double mutants combined with 
radl-1 were comparable with the levels in the corresponding cdcts single 
mutants. The high level of c4c22 transcript present in cdclO-C4 cells at 24°C 
was similarly radl+-independent. But the high levels of cdc22 seen upon 
arresting cdc22-01 cells was dependent on rad1. 
The expression of the large transcript of suc22 was independent of 
rad1 in cdclO-129 cells at 24°C or 36°C and in cdclO-C4 cells at 24°C. 
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Figure 114 
Expression of cdc22 and suc22 in cdc radl-1 double mutants 
Cultures of several cdcts mutants and cdcrad1-1 double mutants 
were grown to early log phase at 25°C. A portion of each culture was then 
shifted to 35°C for 3.5 hours, while the remaining portion was left at 25°C. 
Samples were then taken for the preparation of total RNA, which was 
subjected to Northern blot analysis (see section 2.3B). The blot was 
sequentially hybridised to c4c22, suc22 and adhi probes (described in section 
2.6C). 
RNA prepared from samples taken from the portions of culture held 









cdcl 7-K42 radl-1 




1 	2 	3 	4 	5 	6 	7 	8 	
9 




Mysteriously, suc22 large transcript expression appeared rad1-dependent 
in cdcl7-K42 arrested cells but rad1-independent in cdc22-01 cells. 
The presence of cdc22 and of suc22 transcripts in cdclO-129 radl-1 
cells, which lack functional cdclO and radi proteins, suggests that cdc22 
and suc22 large transcript can both be expressed independently of normal 
cell cycle regulation (which is cdc1O-dependent, and MCB-mediated) and 
the mitotic checkpoint (which is radl+-dependent). This putative 
mechanism is not yet characterised. 
The rad1-independence of cdc22 and suc22 large transcript 
overexpression in cdclO-C4 mutants grown at their permissive temperature 
is unsurprising, given that overexpression in cdclO-C4 cells can be mediated 
by MCBs (see sections 4.IF, 4.6). 
The divergence in the rad1-dependence of expression of cdc22 and 
suc22 large transcript in cdc22-01 and cdc17-K42 mutants is inconsistent 
with the idea that cdc22 and the suc22 large transcript are co-ordinately 
regulated. As there is much other evidence which favours the model of co-
ordinate regulation, this data cannot be interpreted at present. The 
difference in behaviour of the two mutants defective in S phase is also 
surprising. However, as cdc22 function is required earlier in the cell cycle 
than cdcl7 function, differences between cdc22ts and cdcl 7ts  strains could be 
explained by the execution of particular cell cycle regulated events between 
the cdcUts arrest point and the cdcl7ts arrest point. 
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4.3 MCB-mediated gene expression at Start 
4.3A Introduction 
Both cdc2 and cdcl O are required at Start, and are essential for 
commitment to replication of DNA in the mitotic cell cycle (Nurse and 
Bissett, 1981). But cdc2 is also required for passage of the G2-M transition, 
and no Cl-specific cdc2ts mutants have been isolated. Expression of cdc22 
in cdc2-33 cells shifted to their restrictive temperature, which are unable to 
pass through either Start or the G2-M transition, is very similar to that 
observed in arrested cdc2-17 cells, which have a G2-M specific defect. This is 
consistent with the idea that arrest in cdc2-33 cells occurs predominantly at 
G2-M (see section 4.IF). 
To examine gene expression upon cdc2ts arrest at Start, it is necessary 
to pre-synchronise a culture of cdc2th cells between the C2-M transition and 
Start, then to release these cells into the cdc2ts block at 36°C. Pre-
synchronisation can be achieved by starving cells of nitrogen, resulting in 
pre-Start Cl arrest (Nurse and Bissett, 1981). The arrested cells are very 
small as cell division continues after cell growth has stopped. In these 
experiments this method synchronised 70-95% of cells in Cl. If the arrested 
cells are re-inoculated in a medium containing nitrogen, growth resumes 
and once the necessary size requirements are attained, the cells undergo 
DNA replication and mitosis. 
It is possible that some genes are expressed as part of a cellular 
response to nitrogen starvation and/or subsequent release into the cell 
cycle. In view of this potential complication, a simple question was 
addressed, namely whether cdc2 function at Start was required for periodic 
expression of MCB-controlled genes. 
145 
4.3B cdc2 is not required at Start for expression of MCB-controlled 
genes 
In these experiments, three strains carrying the 3xMCB-lacZ reporter 
gene on the multicopy plasmid pSPz178.3M were examined: cdc, cdc2-33 
and cdclO-129. Cultures of these cells were arrested in Cl by nitrogen 
starvation (see figure legends) then allowed to resume growth. Reporter 
gene expression was measured indirectly by (-galactosidase assay. Activity 
per ml culture is roughly proportional to activity per cell in these 
experiment, owing to the absence of cell division for many hours after 
growth resumes. Samples were also taken for determination of DNA 
content by FACS analysis, and for determination of cell number. 
In all strains, the level of (-galactosidase activity per cell after 
starvation was significantly reduced compared with tht found in 
exponentially growing cultures. This reduction was approximately 6 fold in 
the case of cdc and cdc-33 cells, and 16 fold in cdclO-129 cells, although 
the assay procedure is less reliable at the low levels of activity recorded in 
the starved cultures. 
When cdc cells (figure 4.15) were released from nitrogen starvation 
at 28°C, the mid-point of DNA synthesis occurred 5-6 hours after release. 
13-galactosidase activity, initially very low, rose to a plateau with similar 
timing (mid-point of initial rise, 4-5 hours after release). A similar increase 
of DNA content and of 3-galactosidase activity was also seen at 36°C, 
although both increases occurred sooner after re-inoculation at 36°C than at 
28°C. 
In cdc2-33 cells (figure 4.16) released from starvation at 28°C, similar 
increases in 3-galactosidase activity and DNA content were observed to 
those seen in cdc' cells. In cdc2-33 cells released at 36°C, as expected there 
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Figure 4.15 
cdc[pSPi178.3M] cells were grown to a cell density of 5x10 6 cells/ml 
at 28°C in liquid culture, washed twice in a one half volume of medium 
lacking nitrogen, then inoculated into one volume of medium lacking 
nitrogen for 12-14 hours. Cells were then re-inoculated into normal medium 
at a cell density of around 3.5x10 6  cells/mi. This culture was split into two, 
one portion was incubated at 28°C for 9 hours, and the other portion at 36°C 
for 9 hours. During this time, samples were taken hourly 	for 
determination of cell number, determination of 3-galactosidase activity by 
liquid culture assay (see section 23B), and determination of DNA content by 
FACS analysis (see section 2.5E) 
Cell number, DNA content and 3-galactosidase activity 
Cell number is shown in units of 106 cells/ml (graph. 1), and 3-
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graph 
3). The percentage of cells of those with either a Cl or a G2 DNA content, 
which have a G2 DNA content is shown in graph 2, and was calculated 
using the Beckton Dickinson Lysis II Version 1.1 software. Time is shown as 
minutes after re-inoculation. Open symbols indicate the values obtained 
from the culture left at 2°C throughout the experiment; filled symbols 
indicate the values obtained from the cultuie shifted to 36°C. 
DNA content 
The actual data obtained from the FACS analysis is presented in 
panel B. Time is shown as hours after re-inoculation. A gate was imposed 
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Figure 4.16 
Expression of the 3xMCB-lacZ reporter gene and of cdc22 in cdc2-33 cells 
after release from an early Cl block, 
cdc2-33[pSPM78.3M] cells were grown to a cell density of 5x10 6 
cells/mi at 28°C in liquid culture, washed twice in a one half volume of 
medium lacking nitrogen, then inoculated into one volume of medium 
lacking nitrogen for 12-14 hours. Cells were then re-inoculated into normal 
medium at a cell density of around 3.5x10 6 cells/ml. This culture was split 
into two, one portion was incubated at 28°C for 9 hours, and the other 
portion at 36°C for 9 hours. During this time, samples were takenourly 
intervals for determination of cell number, determination of 3-galactosidase 
activity by liquid culture assay (see section 2.51), and determination of DNA 
content by FACS analysis (see section 2.5E). Samples were also taken for the 
preparation of total RNA. 
Cell number, DNA content and f-galactosidase activity 
Cell number is shown in units of 106 cells/mi (graph 1), and - 
galactosidase activity in units of gg ONPG hydrolysed/min/ml (graph 3). 
The percentage of cell3of those with either a Cl or a G2 DNA content which 
have a C2 DNA content is shown in graph 2, and was calculated using the 
Beckton Dickinson Lysis II Version 1.1 software. Time is shown as minutes 
after re-inoculation. Open symbols indicate the values obtained from the 
culture left at 2°C throughout the experiment; filled symbols indicate the 
values obtained from the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cells at intervals throughout the experiment 
and subjected to Northern blot analysis (see section 2.3B). The blot was 
sequentially hybridised to c4c22 and adhi probes (described in section 2.60. 
The temperature of the culture from which each sample of RNA was 
prepared is indicated, except for the sample taken at the zero time point. 
Time is shown as hours after re-inoculation. 
DNA content 
The actual data obtained from the FACS analysis is presented in 
panel C. Time is shown as hours after re-inoculation. A gate was imposed 
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was little increase in DNA content for at least 6 hours. Despite this, there 
was still a sharp rise in -galactosidase expression, steeper than that seen in 
at 28°C. This increase was also steeper than that seen in cdc cells at either 
28°C or 36°C. This rise continued throughout the 9 hours of the experiment. 
This unexpected result implies that MCB-driven gene expression can be 
induced independently of the action of cdc2 at Start. 
During this experiment, samples were also taken for preparation of 
RNA, which was subjected to Northern blot analysis. The level of total 
RNA present per cell is greatly reduced upon nitrogen starvation, and some 
samples appear degraded. However, it is clear that cdc22 transcript is 
expressed in cdc2-33 cells arrested in Cl, and can be detected within 1 hour 
of re-inoculation. 
The MCB-binding complex DSCISP, which contains the cdclO protein 
(Lowndes et al, 1992b), is not observed in cdc2-33 cells arrested at Start 
(Reymond et al, 1993). The relationship of the DSCISP complex to MCB-
mediated transcription, and the implications of this relationship for our 
understanding of the role of cdc2 at Start, are discussed in section 7.2. 
The experiment with cdclO-129 cells (figure 4.17) proved interesting 
but did not serve as a full control for the result achieved with cdc2-33 cells. 
Upon starvation, over 95% of the culture arrested with a Ic DNA content, a 
higher proportion than that seen in other strains. Cells re-inoculated at 36°C 
resumed growth but remained blocked in Cl for 7 hours, and even then did 
not undergo normal DNA replication. As expected, and in contrast to the 
result obtained in cdc2-33 cells, 3-galactosidase activity did not rise 
significantly during this time. 
At 28°C, DNA replication did occur, but only after a sizeable time lag 
over 50% of cells remained in Cl 6 hours after shift. However, - 
galactosidase activity did not rise significantly during the 9 hours after shift, 
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-12 
cdc1O-129[pSPz178.3M] cells were grown to a cell density of 5x10 6 
cells/ml at 28°C in liquid culture, washed twice in a one half volume of 
medium lacking nitrogen, then inoculated into one volume of medium 
lacking nitrogen for 12-14 hours. Cells were then re-inoculated into normal 
medium at a cell density of around 3.5x106 cells/mi. This culture was split 
into two, one portion was incubated at 28°C for 9 hours, and the other 
portion at 36°C for 9 hours. During this time, samples were takeourly 
intervals for determination of cell number, determination of 3-galactosidase 
activity by liquid culture assay (see section 2.3B), and determination of DNA 
content by FACS analysis (see section 2.5E) 
Cell number, DNA content and 13-galactosidase activity 
Cell number is shown in units of 106 cells/ml (graph 1), and f3-. 
galactosidase activity in units of nmol ONPG hydrolysed/min/ml (graph 
3). The percentage of cells of those with either a Cl or a G2 DNA content 
which have a G2 DNA content is shown in graph 2, and was calculated 
using the Beckton Dickinson Lysis II Version 1.1 software. Time is shown as 
minutes after re-inoculation. Open symbols indicate the values obtained 
from the culture left at 2°C throughout the experiment; filled symbols 
indicate the values obtained from the culture shifted to 36°C. 
DNA content 
The actual data obtained from the FACS analysis is presented in 
panel B. Time is shown as hours after re-inoculation. A gate was imposed 
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even while bulk DNA synthesis was occurring. Although the slight rise 
observed in cdclO-129 cells at 28°C was greater than that observed 36°C, it 
was notably less than that observed in cdc or cdc2-33 cells at 28°C. 
One explanation of this is that the mutant cdclO protein may be 
broken down during starvation, and there is consequently a delay while re-
synthesis occurs upon re-inoculation. 
In summary, these experiments suggest that MCB-mediated gene 
expression does require cdclO'. This is consistent with the results obtained 
when an asynchronous culture of cdclO-129 cells had been shifted to its 
restrictive temperature (see section 4.2E). However, cdc2 does not appear 
to be required at Start for MCB-mediated gene expression. 
4.3C Arrest at Start using cdcb  nda3-KM311 double mutants. 
An alternative way of blocking cells at Start, is to make double 
mutants between cdc2ts and CdClOtS alleles and the nda3-KM311 mutation 
(Hiraoka et al, 1984). This is a cold-sensitive mutant and arrests, on shifting 
to its per4ssisive temperature, at metaphase (nda3 encodes 3-tubulin); 
subsequent release at the restrictive temperature should result the cells 
progressing through the cell cycle and re-arresting at Start. Strains were 
made to attempt such experiments but the nda3-KM311 mutation is very 
leaky. Even when the double shift was followed by pre-synchronisation of 
the culture, it was not possible to detect more than 50% of cells with a Ic 
DNA content at any time. These mutants were thus not used subsequently. 
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4.4 Expression of MCB-regulated genes is constitutive during the 
cdclO-C4 cell cyde 
4.4A Expression of the lacZ reporter gene on the plasmid pSPA178.3M in 
cdclOts cells is dependent on the presence of upstream MCBs. 
The multicopy plasmid pSPi178.3M contains a LacZ reporter gene 
downstream of a synthetic trimer of MCBs. The lacZ transcript was 
expressed in cdc cells carrying pSPA178.3M, but not seen in cells carrying 
the plasmid pSPAI78, which is identical except for the absence of MCBs 
(Lowndes et al, 1992b). 
13-galactosidase activity per cell in cultures of asynchronously 
growing cdclO-C4 [pSP178.3M] is approximately 12 times higher than that 
observed in cdc+[pSPi178.3M] (see section 4.IF). To confirm that this over-
expression was also MCB-dependent, cdc, cdc2-33, cdclO-129 and cdclO-C4 
strains were transformed with pSPiU78. Cultures of each transformant 
were grown into early log phase, and 3-galactosidase activity per cell was 
compared with that of cdc[pSP178.3M]. A similar level of activity was 
observed in all strains carrying pSPi178, which was less than one fifth of 
that found in cdc[pSPA178.3M]. No difference was observed between 
cdc1O-C4[pSPE1781 and the other strains carrying this plasmid. Thus, over-
expression of the lacZ reporter gene on the plasmid pSPAI78.3M in cdclO-C4 
cells is dependent on the presence of upstream MCBs. 
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4.4B Over-expression of MCB-controlled genes is the result of their 
constitutive expression throughout the cell cyde. 
The cdc22-lacZ and 3xMCB-lacZ reporter genes are expressed 9-13 
times higher in asynchronous, exponentially-growing cultures of cdclO-C4 
cells than in cdc cells (see section 4.IF). The endogenous cdc22 gene is also 
over-expressed in cdclO-C4 cells (C. Mclnemy, personal communication). 
The hypothesis that this is the result of the loss of the state of transcriptional 
repression of these gene that exists throughout most of the cell cycle in cdc 
cells has been tested. At intervals, RNA was prepared from samples taken 
from a synchronous culture of cdclO-C4 cells, and subjected to Northern blot 
analysis. The cdc22 transcript was present throughout the cell cycle and 
not confined to G1 /S (C. Mclnerny, personal communication). 
The expression of cdc22 appears to be more complex than the 
expression of genes under solely MCB control (see section 4.1). Thus, an 
experiment was performed to demonstrate specifically that loss of periodic 
gene expression in c4clO-C4 cells can be mediated by MCBs. Synchronous 
cultures of cdc and cdclO-C4 cells carrying pSPM78.3M were prepared at 
24°C, a permissive temperature for the mutant, and samples were taken at 
intervals to estimate cell number and to assay for -galadosidase activity. 
The results are shown in figure 4.18. 
In both strains, -galactosidase activity per ml of culture increased 
during the experiment. In the cdc+ culture, most of the increase was 
confined to a brief interval in the cell cycle, co-inciding with the known 
timing of DNA replication (panel 3). In the cdclO-C4 culture, activity per cell 
was higher than in cdc cells, as already observed in asynchronous culture. 
Activity per ml of culture increased aperiodically throughout the cell cycle 
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Figure 4.18 
Expression of the 3xMCB-lacZ reporter gene is aperiodic in cdclO-C4 cells 
grown in synchronous culture 
cdc[pSPA178.3M] and cdclO-C4 [pSP178.3M] cells were grown to 
mid log phase at 24°C, and a 75 ml synchronous cultures were prepared by 
elutriation. These cultures were then allowed to grow until the start of the 
second round of synchronous divisions. Samples were taken at 20 minute 
intervals from the culture to enable (i) determination of cell number and (ii) 
of 3-galactosidase activity by liquid culture assay (see section 2.51). 
The results obtained using cdc[pSPz178.3M] are shown in graphs I 
and 3; those obtained using cdc1O-C4[pSP178.3M] are shown in graphs 2 
and 4. Cell number is shown in units of 106 cells/mi (graphs I and 2), and 
f3-galactosidase activity in units of nmol ONPC hydrolysed/min/ml 
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5.1 	Introduction 
The 3xMCB-1acZ reporter gene, carried on the plasmid pSPAI78.3M is 
periodically regulated in a manner comparable to the endogenous cdc22 
gene during a normal mitotic cell division cycle (Lowndes et al, 1992b). But 
as described in chapter 4, the expression of this reporter under certain 
conditions of cell cycle arrest is not identical to that of cdc22, suggesting 
that MCBs are insufficient to account for all expression patterns of cdc22. 
In particular, expression of a cdc22-lacZ reporter gene, as monitored by - 
galactosidase assay, continued in cdclO-129 and cdcl-7 cells after arrest, 
whereas expression of the 3xMCB-1acZ reporter was greatly reduced (see 
section 4.2). 
These results suggest the existence of one or more elements present in 
the cdc22 promoter, besides MCBs, on which gene expression is dependent 
under certain conditions. As expression in cdclO-129 cells is rad1-
independent, but expression in cdcl-7 cells is probably rad1-dependent (see 
section 4.2), it is possible that these two responses are mediated via different 
cis-acting elements to one another. 
The hypothesis that there are other elements besides MCB5 involved 
iesteib 
in the regulation of cdc22 was removal of MCBs from the cdc22 upstream 
region. The cdc22-1acZ reporter gene already constructed (see section 3.2) 
was modified by oligonucleotide-directed site-specific mutagenesis to 
remove the four MCBs clustered upstream of transcriptional start. This is 
illustrated in figure 5.1. 
Figure 5.1 
Construction of a cdc22-lacZ reporter gene with mutated MCBs in the 5' 
cluster. 
The cdc22 gene had been cloned by into the E. coil cloning vector 
pTZI8R as two genomic Hind ifi fragments (Fernandez-Sarabia et al, 1993). 
The 5' fragment contains 1.31 kb of DNA upstream of the open reading 
frame, the first exon, the sole intron and part of the second exon of the gene. 
A kpn I site had been introduced into the second exon of cdc22 by 
oligonucleotide-directed mutagenesis (see figure 3.2). This plasmid was 
used as the template in an oligonudeotide-directed mutagenesis reaction, 
using a single 78 base oligonucleotide (see section 2.6A) to change the 
central GCs of the 4 upstream MCBs into TAs. Clones were initially 
screened on the basis of the loss of an Mlu I restriction site. 6 clones which 
had lost this site were then sequenced; one had only a single CC to TA 
change, but the other 5 had converted all 4 GCs into TM. A Hind HI-Kpn I 
fragment carrying the mutated MCBs was then cloned into pPJK7, replacing 
an equivalent but unmutated fragment. 
This procedure is illustrated in figure 5.1. MCBs are indicated by 
vertical lines descending from the map; those which are Mlu I restriction 
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The remaining MCBs were not removed, because it was not thought 
probable that they were involved in regulation of cdc22. One of these 
MCBs is isolated, and in S. cerevisiae, a single MCB is unable to direct 
periodic expression of a downstream reporter gene (Lowndes et al, 1991), 
although this has not been tested in S. pombe. The other four MCBs are 
located downstream of transcriptional start, and there is no reported 
instance in S. pombe of elements downstream of the transcriptional start site 
being involved in regulation of transcription. Additionally, at this time only 
2 of the 4 MCBs in the downstream cluster were known to exist, owing to 
errors in the original sequence of this region. 
Furthermore, the only fragment of the cdc22+ promoter which has 
been identified as a substrate for DSCISP in the bandshift assay contains the 
upstream duster (C. Mclnerny, personal communication). There is no 
detectable binding to the downstream duster, although it is a specific 
competitor when the upstream cluster is used as a substrate (C. Mclnerny, 
personal communication). 
Therefore, it was predicted that one effect of removing the upstream 
MCBs from the cdc22-lacZ reporter gene would be the abolition of periodic 
gene expression during the cell cycle. cis-acting elements other than MCBs 
would still be able to direct gene expression, provided they could act 
independently of MCBs. If these predictions were valid, the presence of 
regulatory responses mediated independently of MCBs would be 
established, and attempts to isolate the sequences involved might follow. 
5.2 Cloning and integration of a mutated cdc22-lacZ reporter gene 
The cloning strategy employed to produce a reporter gene as 
specified above is outlined in figure 5.1. The final plasmid produced, 
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pPJKIO, is identical to pPJK7 (see section 3.2), except for the conversion of 
the central CC nucleotide pair in each of the 4 upstream MCBs into TM. 
A corresponding mutation had previously been introduced into each 
MCB within a synthetic MCB trimer. This abolished the ability of the trimer 
to serve as substrate or competitor in bandshift assays for DSCISP (Lowndes 
et al, 1992b). The introduction of a corresponding mutation into the MCBs 
located in the S. cerevisiae CDC9 promoter abolished the ability of these 
sequences to confer periodic expression (Lowndes et al, 1991). 
pPJKIO was linearized by digestion with the restriction endonuclease 
Stu I and transformed into S. pombe cells carrying a ura4-294 point mutation. 
Integration of the construct at the correct site, in single copy, was then 
confirmed, as done previously for pPJK7. Results indicated that an identical 
integration event to that in cdc'[pPJK7(sc)]  (see figure 13) had occurred in 4 
out of 4 strains (data not shown). One strain (cdc[pPJK 10(sc)]) was selected 
and used in subsequent experiments and in genetic crosses. 
In view of some of the results obtained using this strain (see below), 
we became suspicious that the modified reporter might not have been 
correctly integrated into the S. pombe genome, either due to human error or 
due to genetic crosstalk between our construct and the endogenous cdc22 
gene. Therefore, the DNA sequence of the relevant region of pPJK10 was 
determined, and found to contain the expected CC-TA changes. As further 
confirmation that the genomically integrated construct definitely lacked the 
4 upstream MCBs, a 960 nucleotide fragment was amplified from 
preparations of cdc[pPJK10(sc)] genomic DNA by PCR, using specific 
oligonucleotide primers containing 5' EcoR I linkers. The PCR products 
were cloned into the vector pBC(SK)+, and a number of clones analysed by 
restriction digestion and DNA sequencing. All 6 clones sequenced 
contained the introduced mutations. 
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A number of experiments were then performed to compare the 
expression of the mutated cdc22-lacZ construct with that of the unmutated 
construct. 
5.3 Expression of the mutated c&22-lacZ reporter gene in synchronous 
culture 
A culture of cdc[pPJX10(sc)] cells was synchronised and followed 
through two cydes of cell division, as measured by increases in cell number. 
The results are shown in figure 5.2. Samples were taken at intervals to assay 
for 13-galactosidase activity which, most surprisingly, showed a pattern 
similar to that seen in synchronous cultures of cdc+[pPJK7(sc)1, which carry 
the unmutated cdc22-lacZ construct (see section 3.5; data also shown in 
figure 5.2, panel A2). f3-galactosidase activity per ml of culture doubled 
once per cell division cycle, and the increase was concentrated at the time of 
cell division (panel A4). The maximum rate at which activity increased was 
less than the maximum rate at which cell number increased, similar to the 
pattern observed in cdc[pPJK7(sc)]. 
Activity per cell was higher in cdc+[pPJKIO(sc)] than in 
cdc[pPJK7(sc)]. This is discussed in section 55B. 
To further check on the periodicity of the new reporter gene, 
transcript levels across the cell cycle were also analysed (panel B). As 
expected, the endogenous cdc22 transcript was still expressed in a highly 
periodic manner. The cdc22-LacZ reporter gene was periodically expressed 
in cdc-'- [pPJKIO(sc)], but its transcript was present during more of the cell 
cycle than that of the endogenous cdc22 gene. The timing of appearance of 
the two transcripts was similar, but the c&22-lacZ transcript persisted 
throughout more of the cell cycle than the cdc22 transcript. These 
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cdc4 [pPJK10(sc)] cells were grown to mid log phase at 32°C, and a 300 
ml synchronous culture was prepared by elutriation. This culture was then 
allowed to undergo two synchronous divisions. Samples were taken at 20 
minute intervals from the culture for (i) determination of cell number (ii) 
determination of 13-galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA. 
Cell number and J-galactosidase activity. 
These data are presented alongside with data previously presented in 
figure 3.6A, when cdc[pPJK7(sc)] was subjected to an identical procedure. 
The data for cdc[pPJK7(sc)] is repeated in graphs 1 and 3; the data for 
cdc[pPJK10(sc)] is shown in graphs 2 and 4. Cell number is shown in units 
of 106 cells/mi (graphs I and 2), and 3-galactosidase activity in units of 
nmol ONPG hydrolysed/min/ml (graphs 3 and 4). Time is shown as 
minutes after synchronisation. 
Transcript levels. 
RNA was prepared from cdc[pPJK10(sc)] cells at intervals 
throughout the experiment and was subjected to Northern blot analysis (see 
section 23B). The blot was sequentially hybridised to IacZ, cdc22, and adhi 
probes (see section 2.60. Time is shown as minutes after synchronisation. 
This data can be compared with that displayed in figure 3.6B, 
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observations are very similar to those made in cdc[pPJK7(sc)] (see figure 
3.6). 
It is noticeable that activity in cdc[pPJK10(sc)] increased for a while 
immediately after synchronisation, whereas the activity in cdc[pPJK 7(sc)] 
remained unaltered until cell division began. Likewise, cdc22-1acZ transcript 
was also present at the very start of the experiment in cdc[pPlO(sc)], 
whereas it was absent in cdc[pPJK7(sc)]. Despite this, the two transcripts 
appeared almost equally periodic during the remainder of the experiment 
Part of the initial difference between the level of cdc22-1acZ transcript in the 
two experiments might be explained by the fact that the interval between 
synchronisation and cell division was longer for cdc[pPJKlO(sc)] than for 
cdc[pPJK7(sc)], which may indicate that cells were synchronised at a 
smaller size, sooner after the preceding S phase. As both cdc22-1acZ 
transcripts persist after peaking around the G1-S boundary, it is possible 
that the experiment using cdc[pPJKlO(sc)] cells began while the preceding 
peak of expression had not yet ended. 
The observation that destroying the MCB sites upstream of 
transcriptional start had little or no effect on the periodicity of cdc22-1acZ 
expression was surprising, as it had been expected that periodicity would 
have been abolished or significantly reduced. 
5.4 Expression of the mutated cdc22-lac.Z reporter gene upon treatment 
with hydroxyurea 
Removal of the MCBs present in the upstream duster of cdc22 did 
not abolish the periodicity of a cdc22-lacZ reporter gene (see section 5.3). 
The next question that was addressed was whether the removal of the 
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upstream MCBs had any effect on the expression of the cdc22-lacZ reporter 
gene under certain conditions of cell cycle arrest. 
cdc4[pPJKI0(sc)] cells were grown in asynchronous culture to early 
log phase and treated with hydroxyurea. -galactosidase activity was 
assayed and samples were taken for the preparation of RNA, which was 
subjected to Northern blot analysis. The results are shown in figure 5.3, 
alongside those obtained when an identical procedure was performed on 
cdc[pPJK7(sc)] cells (see section 4.ID). 
In asynchronously growing culture, activity per cell was higher in 
cdc[pPJK10(sc)] than in cdc[pPJK7(sc)],  as had also been true in 
synchronous culture (see section 5.5B). Upon treatment of cdc+[pPJKIO(sc)] 
with HU, -galactosidase activity increased at a similar rate to that which 
had been observed in cdc[pPJK7(sc)]  (panels A3, A4). A similar pattern of 
induction of the cdc22 and cdc22-lacZ transcripts was seen in 
cdc+[pPJKIO(sc)], as had also been seen in cdc[pPW7(sc)]. Thus the reporter 
gene expression upon HU treatment appears to be unaffected by the 
mutation of the upstream MCBs. 
5.5 	Expression of the mutated cdc22-lac.Z reporter gene in cdcts cells 
5.5A Introduction 
To help identify potential differences in the regulation of the mutated 
and the unmutated cdc22-1acZ reporter genes, the mutated cdc22-1acZ 
reporter was introduced into a number of cdcts strains by genetic crossing. 
Mutant strains which had provided interesting results in earlier experiments 
were chosen (see chapter 4); cdcl -7, cdclO-129, cdc22-C11 and cdclO-C4. In 
view of earlier results, reporter gene expression of the first three strains 
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Figure 5.3 
The upstream MCB cluster is not required for induction of the cd02-lacZ 
reporter gene in response to hydroxyurea treatment 
cdc[pPJK10(sc)] cells were grown to early log phase at 28°C. 
Hydroxyurea was then added to a portion of the culture to a final 
concentration of 0.012 M; a control portion was left untreated. Samples 
were taken from both cultures at hourly intervals, beginning 1 hour before 
shift and continuing until 5 hours after shift, for the following purposes: (i) 
determination of cell number (U) determination of -galactosidase activity 
by liquid culture assay (see section 2.51) (lii) preparation of total RNA. 
Cell number and 3-galactosidase activity 
This data is presented alongside data previously presented in figure 
4.4, when cdc[pPJK7(sc)] was subjected to an identical procedure. The data 
for cdc[pPJK7(sc)] is repeated in graphs I and 3; the data for using 
cdc[pPJK10(sc)] is shown in graphs 2 and 4. Cell number is shown in units 
of 106 cells/nil (graphs I and 2), and -galactosidase activity in units of 
nmol ONPG hydrolysed/min/ml (graphs 3 and 4). Time is shown as. 
minutes after HU addition. Open symbols indicate the values obtained 
from the untreated culture; filled symbols indicate the values obtained from 
the culture to which HO was added. 
Transcript levels 
RNA was prepared from cells at intervals throughout the experiment 
using cells carrying pPJKIO and was subjected to Northern blot analysis (see 
section 23B). The blot was sequentially hybridised to lacZ, cdc22, suc22 and 
adhi probes (see section 2.60. 
This data is presented alongside data previously presented in figure 
4.4, when cdc[pPJK7(sc)] was subjected to an identical procedure. The data 
for cdc[pPJK7(sc)] is repeated in the left hand panels; the data obtained for 
cdc[pPJK10(sc)] is shown in the right hand panels. Time is shown as hours 
after HO addition. 
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upon shift from permissive to restrictive temperature was investigated. 
cdclO-C4 cells were grown only at their permissive temperature, to ask 
whether the mutated reporter gene was over-expressed in this strain. 
5.5B The level of expression of the unmutated and mutated cdc22-1acZ 
genes 
In synchronous culture, a higher level of activity per cell had been 
seen in cdc[pPJK10(sc)]  than in cdc[pPJK7(sc)]. In general, more activity 
was also seen in cells carrying pPJKIO than in cells carrying pPJK7 in 
asynchronous culture. On average, 1.4 times the level of activity per cell in 
exponentially growing culture was observed in strains carrying the mutated 
cdc22-!acZ reporter than in equivalent strains carrying the unmutated 
reporter gene. For individual strains, this multiple varied in the range 0.8-
2.3. Among the individual strains examined were cdclO-C4 and cdc. Over-
expression of cdc22-1acZ in cdclO-C4 backgrounds, as determined by the 
difference in activity between cdc1O-C4[pPJKI0(sc)] and cdc[PJK10(sc)], was 
similar to that observed in strains carrying pPJK7, andthus appears 
unaffected by mutation of the upstream MCBs. 
It is possible that transcription of the reporter occurs more effectively 
when the upstream MCBs are incapacitated. It is also possible, although 
unlikely, that the nature of the integration events which occurred for the 
two constructs were slightly different and that this might have an effect on 
the levels of expression. However, as discussed in section 4.IH, the absolute 
values of -galactosidase activity recorded per cell were subject to some 
variation between repeated experiments, and the average difference in 
recorded activity between strains carrying pPJK7 and pPJKIO is of a similar 
order of magnitude to this. 
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It is therefore not possible to conclude with certainty that - 
galactosidase activity per cell is increased upon mutation of the upstream 
MCBs. It remains noticeable that there is no evidence of a fall in activity. 
5.5C Expression of the mutated c4c22-lac.Z reporter upon shifting cdcb 
cells to their restrictive temperatures 
Shift experiments were performed on cdclO-129 cells (figure 5.4), 
cdc22-01 cells (figure 5.5) and cdcl-7 cells (figure 5.6) carrying the mutated 
cdc22-lacZ reporter. These experiments were similar to those already 
performed on cells carrying the unmutated construct (see section 4.2). 
Changes in gene expression upon shift were monitored by -galactosidase 
assay and by Northern blot analysis. 
The results obtained indicate that regulation of the cdc22-1acZ 
reporter is largely unaltered upon mutation of the upstream duster of 
MCBs. 13-galactosidase activity per ml culture rose, and cdc22-1acZ transcript 
levels persisted, upon shift to restrictive temperature in all three strains. 
These results were similar those obtained using cells carrying the 
unmutated construct (assay data shown in figures 5.4-5.6 for comparison; 
for Northern blot analysis, see section 4.1). 
5.6 Epilogue 
The finding that mutating the upstream duster of MCBs has no effect 
on cdc22 expression under a variety of conditions, especially periodic 
expression during the cell cycle, can be explained by a number of 
hypotheses. A striking suggestion is that MCBs are, in vivo, irrelevant (or 
redundant) in directing periodic expression of the cdc22-1acZ reporter gene 
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Figure 5.4 
The upstream MCB cluster is not required for the expression of the cdc22-
lacZ reporter gene upon shifting cdclO-129 cells to 36°C 
cdclO-129 [pPJKIO(sc)] cells were grown to early log phase at 24°C in 
liquid culture. A portion of the culture was then shifted to 36°C; a control 
portion was left at 24°C. Samples were taken from both cultures at hourly 
intervals, beginning 1 hour before shift and continuing until 6 hours after 
shift, for the following purposes: (i) determination of cell number (ii) 
determination of 3-galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA. 
Cell number and 3-galactosidase activity 
This data is presented alongside data previously presented in figure 
4.9, when cdclO-129 [pPJK7(sc)] was subjected to an identical procedure. 
The data for cdclO-129 [pPJK7(sc)] is repeated in graphs I and 3; the data for 
cdclO-129 [pPJKIO(sc)] is shown in graphs 2 and 4. Cell number is shown in 
units of 106  cells/ml (graphs I and 2), and f3-galactosidase activity in units 
of nmol ONPG hydrolysed/min/ml (graphs 3 and 4). Time is shown as 
minutes after the temperature shift. Open symbols indicate the values 
obtained from the culture left at 24°C throughout the experiment; filled 
symbols indicate the values obtained from the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc1O-129[pPJKI0(sc)] at intervals 
throughout the experiment and was subjected to Northern blot analysis (see 
section 2.3B). The blot was sequentially hybridised to !acZ, cdc22, and adhi 
probes (see section 2.60. RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
36°C. Time is shown as hours after the temperature shift. 
These data can be compared with that displayed in figure 4.9, 
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cdc22-01 [pPJKIO(sc)] cells were grown to early log phase at 24°C. A 
portion of the culture was then shifted to 36°C; a control portion was left at 
24°C. Samples were taken from both cultures at hourly intervals, beginning 
1 hour before shift and continuing until 6 hours after shift, for the following 
purposes: (i) determination of cell number (ii) determination of - 
galactosidase activity by liquid culture assay (see section 2.51) (iii) 
preparation of total RNA. 
Cell number and 3-galactosidase activity 
This data is presented alongside data previously presented in figure 
4.2, when cdc22-C11 [pPJK7(sc)] was subjected to an identical procedure. 
The data for cdc22-C1 1 [pPJK7(sc)] is repeated in graphs I and 3; the data for 
cdc22-C1 1 [pPJKI 0(sc)] is shown in graphs 2 and 4. Cell number is shown in 
units of 106 cells/mi (graphs 1 and 2), and [3-galactosidase activity in units 
of nmol ONPG hydrolysed/min/ml (graphs 3 and 4). Time is shown as 
minutes after the temperature shift. Open symbols indicate the values 
obtained from the culture left at 24°C throughout the experiment; filled 
symbols indicate the values obtained from the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc22-C11[pPJK1O(sc)] at intervals 
throughout the experiment and was subjected to Northern blot analysis (see 
section 23B). The blot was sequentially hybridised to lacZ, cdc22, and adhi 
probes (see section 2.6C). RNA from the unshifted culture is in the lanes 
labelled 24°C, that from the culture subjected to shift in the lanes labelled 
36°C. Time is shown as hours after the temperature shift. 
These data can be compared with that displayed in figure 4.2, 
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cdcl-7EpPJKI0(sc)1 cells were grown to early log phase at 24°C in 
liquid culture. A portion of the culture was then shifted to 36°C; a control 
portion was left at 24°C. Samples were taken from both cultures at hourly 
intervals, beginning 1 hour before shift and continuing until 6 hours after 
shift, for the following purposes: (i) determination of cell number (ii) 
determination of -galactosidase activity by liquid culture assay (see section 
2.51) (iii) preparation of total RNA. 
Cell number and -ga1actosidase activity 
This data is presented alongside data previously presented in figure 
4.11, when cdcl-7 [pPJK7(sc)] was subjected to an identical procedure. The 
data for cdc1-7[pPJK7(sc)] is repeated in graphs 1 and 3; the data for cdcl-7 
[pPJKIO(sc)] is shown in graphs 2 and 4. Cell number is shown in units of 
106 cells/ml (graphs 1 and 2), and j-galactosidase activity in units of nmol 
ONPG hydrolysed/min/ml (graphs 3 and 4). Time is shown as minutes 
after the temperature shift. Open symbols indicate the values obtained from 
the culture left at 24°C throughout the experiment; filled symbols indicate 
the values obtained from the culture shifted to 36°C. 
Transcript levels 
RNA was prepared from cdc1-7[pPJK10(sc)] at intervals throughout 
the experiment and was subjected to Northern blot analysis (see section 
2.3B). The blot was sequentially hybridised to lacZ, cdc22, and adhi probes 
(see section 2.6C). RNA from the unshifted culture is in the lanes labelled 
24°C, that from the culture subjected to shift in the lanes labelled 36°C. 
Time is shown as hours after the temperature shift. 
These data can be compared with that displayed in figure 4.11, 
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(and, by inference, of cdc22). An second hypothesis is that the mutated 
residues are non-essential to MCB function. This hypothesis appears 
unlikely but could be investigated by observing whether the mutated cluster 
could work as a substrate or competitor in bandshift assays for DSCISP. A 
more plausible explanation of these results is that the other MCBs in the 
cdc22 promoter region, particularly those in the downstream duster, are 
mediating normal periodic regulation of the reporter gene after mutation of 
the upstream duster. 
There are problems with this latter hypothesis. Firstly, only the 
upstream duster (and neither the downstream duster or the single MCB) 
will serve in bandshift assays as a substrate for the DSCISP complex (C. 
Mclnerny, personal communication), which contains cdclO and whose 
presence has been correlated with transcription of MCB-controlled genes 
(Lowndes et al, 1992b). Secondly, the transcriptional start site of cdc22 has 
been mapped 5' of the downstream duster by primer extension (C. 
Mdnerny, personal communication). It is possible that the downstream 
duster is not normally involved in mediating periodic expression of cdc22 
but that DSCISP can bind here if its preferential target, the upstream cluster, 
is destroyed. Under these conditions, transcription might start downstream 
of the downstream duster, although there is an interval of only 57 
nucleotides between the downstream duster and translational start. This 
hypothesis could be tested by mapping transcriptional start by primer 
extension. The large subunit of ribonucleotide reductase has a highly 
conserved N terminus in many organisms (reviewed in Elledge et al, 1992) 
and thus the predicted translational start of the endogenous cdc22 gene is 
unlikely to be wrong. But it is possible that the translational start site of the 
cdc22-lacZ fusion gene is shifted downstream upon mutation of the 
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upstream MCB duster, although a functional f-galactosidase protein is 
dearly still encoded. 
The discovery that there are four, not two, MCBs within the 
downstream duster (C. Mclnerny, personal communication) is consistent 
with the idea that this duster is able to mediate periodic trancription; 
sequence comparisons with other MCB-regulated genes also support this 
suggestion (see chapter 6). Additionally, a DNA footprint, indicating 
protein binding, has been detected at the 3' duster but not at the 5' cluster 
(C. Mdnerny, personal communication). 
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6.1 The arrangement of MCBs upstream of cdc22+  and other genes 
transcribed at the G1-S boundary 
6.1A MCBs located upstream of cdc22 
An MCB (Mlu I Cell-cycle Box) is defined as DNA sequence element 
located upstream of genes which are periodically transcribed at the CI- S 
boundary, and consists of either an Mlu I restriction site or a 5/6 base pair 
match containing a conserved CGCG core (Andrews, 1992); in S. cerevisiae, it 
has been suggested that an additional A at position 8 is also important 
(McIntosh et al, 1991), although its role is unclear (discussed in Lowndes 
and Johnston, 1992). In S. pombe, Lowndes et al (1992b) investigated the 
function of MCBs in an artificial context using Mlu I restriction sites as 
MCBs. However, there is no published work suggesting that Mlu I sites are 
the optimum target for binding by DSCISP in S. pombe, or that they have 
superior function over other sequences that conform to the definition of an 
MCB. 
There are 9 MCBs located upstream of the S. pombe cdc22 gene, 
arranged as two clusters with one isolated MCB in between (see figure 6.1). 
The upstream duster is a substrate for DSC1SP in the bandshift assay; the 
downstream cluster is not, although it is aspedfic competitor to binding to 
the upstream duster (C. Mclnerny, personal communication). 
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MCBs and 12 nucleotide elements in the promoter of cdc22+ 
The distribution of MCBs in the cdc22 promoter is shown above; 
transcriptional start sites are indicated by the arrow, and MCBs by 
vertical lines. The sequences of the MCB-containing dusters are listed 
below. Numbers indicate the position of the 5' and 3' nucleotides in each 
sequence with respect to translational start. MCBs are highlighted in 











Transcriptional start is located between the two clusters (C. 
Mclnerny, personal communication). In S. pombe, there are no published 
reports of cis-acting regulatory sequences located downstream of 
transcriptional start. This, and the behaviour of the two dusters in the 
bandshift assay, suggested that the 5' cluster is of primary importance for 
mediating the periodic transcription of the cdc22 gene (Gordon and Fantes, 
1986). But in chapter 5, it was demonstrated that the central CGCG 
sequence in each of the MCBs in this duster could be altered by mutagenesis 
yet a downstream gene was still periodically transcribed. Additional 
evidence for the importance of the 3' duster is the identification of a DNA 
footprint at this region (C. Mclnerny, personal communication). 
6.1B A conserved motif is present in genes transcribed at the G1-S 
boundary in S. pombe 
Kelly et al (1993) observed that the cdc18 gene, which is periodically 
transcribed around the G1-S boundary, contains MCBs. In particular, they 
noted two elements in the cdc18 promoter. One consisted of an 11 
nucleotide element comprising two overlapping MCBs, and they noted that 
this arrangement of MCBs was also present in the cdc22 promoter (in the 5' 
duster). The correction of the initial sequence errors upstream of cdc22 
reveals that a similar arrangement is also present in the 3' duster (see figure 
6.1) The other motif they observed was a near perfect (15/16 nucleotide 
match) inverted repeat, one copy of which contained the 11 nucleotide 
element mentioned above. The second copy of the 16 nucleotide repeat 
contains a 10/11 nucleotide match to the 11 nucleotide element, but this 
sequence contains only 1 MCB. 
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In the light of this report, I decided to investigate whether 
arrangement of MCBs was located upstream of cdtV, the other gene then 
known to be periodically expressed under cdcl0 control. The promoter of 
cdt1 contains MCBs, although a sequence that does not contain MCBs from 
this promoter has been reported to bind a complex containing cdc10 
(Hofmann and Beach, 1994). The presence in the cdtl + promoter of two 
overlapping MCBs was noted. Consistent with the degeneracy of the MCB 
motif, the nucleotide sequence comprising two overlapping MCBs is 
different in each case (sequences displayed in figure 6.2). 
Secondly, because of the additional presence of a 10/11 nucleotide 
match to the 11 nucleotide element upstream of cdc18, I examined the 
sequences upstream of cdc22 and cdt1 for similar 11 nudeotide sequences 
containing 1 mismatch (from a degenerate consensus of all 11 nucleotide 
sequences comprising 2 overlapping MCBs). This produced interesting 
results. Two or three copies of this sequence are present upstream of each of 
c4c18, cdc22 and cdt1. There is no apparent conservation between the 
different genes in terms of the spacing between elements. Within I copy of 
the 16 nucleotide inverted repeat upstream of c4c18, two 11 nucleotide 
elements are found, with a 6 nucleotide overlap. 
A dose examination of these sequences revealed the common 
element shared by these periodically expressed genes can be more precisely 
defined than as two overlapping MCBs. If these elements are considered 
independently of their orientation, there are 2 or three copies of a 12 
nucleotide GXCGCGTCGCGT sequence, allowing for I mismatch among 
the 11 conserved nucleotides, upstream of all three genes. The second 
position of this sequence does not appear conserved. 
Interestingly, the cdc22 promoter contains two of these elements in 
the downstream duster, but only one in the upstream duster. The mutation 
Figu= 6.2 
For each element, the following information is supplied: 
The gene of which it is upstream. 
The position of the first and last bases of the element, with respect to 
translational start. 
The sequence of the element. Matches to the consensus are shown in 
bold. 
The number of matches (out of 11) to the consensus (minimum 9 
matches). 
S. 	Whether the element is in the forward (F) or reverse (R) 
orientation. 
Consensus: GXCGCGTCGCGT 
cdc22 -474 -463 GTCGCGTCGCGT 11 F 
-100 -111 GCCGCGTCGCGT 11 R 
-63 -74 GACGCGTCACGC 9 R 
cdc18 -161 -150 TACTCGTCGCGT 9 F 
-156 -145 GTCGCGTCGCGT 11 F 
-240 -251 GTCGTGTCGCGT 10 R 
cdt1 -44 -55 AGCGTGTCGCGT 9 R 
-16 -27 GGCGCGTCGCGT 11 R 
spk1 -728 -717 GACGCGTCGCAC 9 F 
-721 -732 GACGCGTCGCGC 10 R 
ste6 -217 -229 GGCGCGTCGCGT 11 R 
suc22 -884 -873 GTCGCGTCGCAT 10 F 
cig1 -531 -520 CACGAGTCGCGT 9 F 
Hist. H2B.1 -202 -191 TCCGCGTCGCAT *1 9 F 
-143 -132 ATCGCGTCGCCT *1 9 F 
rad3 -61 -72 GACGCGTCGAGC *2 9 R 
ade6 -653 -664 GTCGCTTCGCTT *3 9 R 
prh1 -69 -80 GGTGCGTCGCTT *4 9 R 
Notes 
*1 :  These elements are also upstream of the histone H2A.1 gene (see text) 
*2, *3,  *4: These elements do not possess certain residues or sequences 
invariptly found in those elements upstream of those genes which are 
known to be periodically expressed: 
* This element lacks a cytosine in the tenth position. 
This element lacks a guanine in the sixth position, and does not possess a 
single CGCG sequence. 
This element lacks a cytosine in the third position, and does not possess a 
single CGCG sequence. 
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6.1B (i) 	Supplementary observations on the 12 nucleotide element. 
The degeneracy of the MCB motif is such that the concept of 
orientation is meaningless, unless the additional A residue at position 8, 
which is not found in S. pombe MCBs, is also considered. By contrast, two 
bases present in the 12 nucleotide element consensus, the G at position 1 and 
the T at position 7, enable an orientation to be assigned to instances of this 
sequence present upstream of genes. In fact, the sequence is found in both 
orientations in S. pombe, and there is one perfect match to the consensus in 
each orientation located upstream of cdc22. The function of both 
mammalian enhancer sequences (Ptashne, 1988) and yeast UAS sequences 
(reviewed in Struhi, 1987) is independent of their orientation, so it is 
plausible that the 12 nudeotide element similarly is functional in either 
orientation. Additionally, the 12 nucleotide element, which is derived from 
two MCBs, is similar to many other eukaryotic transcription factor binding 
sites, which possess imperfect dyad symmetry and which consist of two half 
sites, each capable of binding one subunit of a dimeric protein. An 
examples from yeast is the 17 nucleotide Gcn4 binding site (Struhi, 1987). 
The structure of DSC1P is not known but an (c4)2 dimeric structure has 
been proposed for GABP, a higher eukaryotic transcription factor which 
contains motifs also found in cdclO (Thompson et a!, 1991). 
of the upstream duster of MCBs had not abolished periodic expression of a 
cdc22-lacZ reporter gene (see chapter 5), and one explanation for this is that 
the downstream duster can confer periodic expression. This explanation is 
consistent with the presence of the conserved element within the 
downstream duster (see figure 6.1). 
It has recently been shown that the large transcript of suc22 is also 
periodically expressed at the G1-S boundary (C. Mclnerny, personal 
communication). suc22 transcriptional start has been mapped (P. Harris, 
personal communication). A study of the promoter of this gene revealed 
that a 10/11 nucleotide match to the consensus derived from the other three 
genes is present upstream of the transcriptional start site of the large 
transcript of suc22 (see figure 6.2). 
6.1C The conserved 12 nucleotide element is found upstream of other 
genes in S. pombe 
In the light of the above results, the EMBL database was searched, 
using the program FINDPATTERNS (located on the Genetics Computer 
Group Package version 7.2) to identify each occurrence of the 12 nucleotide 
element, regardless of orientation, that occurred in all published S. pombe 
sequences. 11/11, 10/11 and 9/11 base pair matches to the consensus were 
sought. Such sequences only occur 29 times in the entire database, and 
strikingly, 18 of these are located 5' of known genes. These sequences are 
listed in figure 6.2. This total was obtained by counting two overlapping 
elements separately, but each element was not counted twice when it 
matched the criteria in either orientation (the best match was chosen in these 
cases). The location of the mismatches to the consensus varies but in 15/18 
instances, including all those where the sequence was upstream of a gene 
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known to be transcribed at the Cl-S boundary under cdc1O-control, five 
particular residues are invariably conserved. These 15 elements all contain 
at least one MCB, and no more than one mismatch to the consensus within 
the two CGCG blocks. The significance of the presence of the motif 
upstream of these genes is discussed in section 6.3A. 
The other three instances when the element was found located 
upstream of genes are 9/11 matches which do not possess the five residues 
conserved in the other 15 cases. These elements are found upstream of rad3 
(Seaton et al, 1992) ade6 (Szankasi et al, 1988) and prh1 (Inoue et al, 1992). 
6.1D The 12 nucleotide element in S. cerevisiae 
In S. poinbe, MCBs appear to form part of a larger 12 nucleotide 
conserved element. MCBs were originally characterised in the budding 
yeast S. cerevisiae. An A residue in position 8 is conserved in MCBs in S. 
cerevisiae, in addition to the Mlu I target sequence (or 5/6 base match) at 
positions 1-6 (McIntosh et al, 1991, Johnston and Lowndes, 1992). 
The EMBL database was searched (as had been done for S. pombe) for 
occurrences in all published S. cerevisiae sequences of the 12 nucleotide 
element which had been identified in S. poinbe. The quantity of published 
DNA sequences of S. cerevisiae is far greater then that of S. pombe. Despite 
this, there are no 11 /11 base matches; however, the number of 9/11 and 
10/11 base matches exceeds the numbers found in S. pombe sequences. In 
total, there were 260 instances of a 9/11 or better match in the database for 
S. cerevisiae (as opposed to 29 instances for S. pombe). In S. pombe, those 
elements which are located upstream of known periodically expressed 
genes share five invariant residues, and at least one CGCG sequence. These 
criteria are met by 122 sequences in S. cerevisiae. Some of these 122 elements 
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are located in DNA sequences not containing genes, and others are present 
in multiple copy within particular sequences. In total, the sequences entered 
in the database for 72 known genes contain at least I copy of the element. 
Despite the fact that the 12 nucleotide sequence is derived from the 
MCB, only 2 of these 72 genes have been reported to be under MCB control: 
POLl (Johnston et al, 1987), and CLB5 (Schwob and Nasmyth, 1993). In the 
case of POLl there is a 10/11 nucleotide match to the consensus, in the case 
of CLB5 there is a 9/11 nucleotide match. In both these cases the element is 
located within 500 nucleotides upstream of translational start. As none of 
the other genes have been reported to be under MCB-control and none 
contained elements with a perfect 11/11 base match to the consensus, no 
attempt was made to identify in which of these the element(s) were located 
5' to translational start. It can be concluded that the conserved sequence 
located upstream of "MCB-controlled" genes in S. poinbe does not appear to 
be similarly conserved in S. cerevisiae. 
6.2 	MCBs alone are insufficient to promote periodic transcription in S. 
pombe 
6.2A Introduction 
An 12 nudeotide conserved element, GXCGCGTCGCGT, is located 
upstream of all genes known to be periodically expressed in S. pombe. This 
is surprising given that three MCBs, placed on a multicopy plasmid 
upstream of a reporter gene, can direct periodic transcription of that gene 
(Lowndes et al, 1992b). This apparent paradox can be explained by a closer 
examination of the sequence of pSPi178.3M, the plasmid used in these 
experiments. Each MCB consists of an Mlu I restriction site, and each Mlu I 
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site is flanked on both sides by a Xho I restriction site (creating a sequence of 
alternating sites; XhoI-MluI-XJzoI-MluI-XhoI-MluI-XhoI). In 
S. cerevisiae, a reporter gene located downstream of a single Mlu I site, 
flanked by Xho I sites, has been tested and shown not to be periodically 
expressed, although there are conflicting reports on the expression of a 
reporter gene downstream of a single ACGCGTXA motif (McIntosh et al, 
1991; Lowndes and Johnston, 1992). 
Upon examination of the sequence of pSPAI78.3M it was noticed that, 
owing to the juxtapositioning of the Mlu I and Xho I restriction sites, the 
plasmid contains three copies of a 9/11 base match to the conserved 11 
nucleotides of the 12 nucleotide element (see figure 6.3). Each copy includes 
one CGCG sequence and the five residues invariantly conserved in those 
elements located upstream of known periodically expressed genes. It was 
decided to test the hypothesis that, in S. pombe, the MCB is not sufficient to 
direct periodic transcription of genes, and that the periodic transcription of 
lacZ from the plasmid pSPM78.3M depends on the nucleotide sequence 
present in the Xho I sites as well as those present in the Mlu I sites. 
6.2B cloning strategy and results 
To test the hypothesis that the nucleotide sequence of the Xho I sites, 
as well as that of the Mlu I sites, is required for periodic transcription of lacZ 
in the test plasmid pSPAI78.3M, a new plasmid was constructed. 
pSPi178.3M had been constructed by cloning a double stranded 
oligonudeotide, containing the alternating Mlu I and Xho I sites described 
above, into the Xho I site of plasmid pSPAI78. To create an alternative test 
plasmid, pSPA178.3M/2, a different double stranded oligonudeotide was 
cloned into pSPM78. pSPM78.3M/2 contains three Mlu I sites upstream of 
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Ficture 6.3. Plasmids containing "MCB-control1edreDorterene& 
Plasmids pSPt1783M (Lowndes et al, 1992b) and pSP178.3M/2 
(see text) were created by cloning double stranded 
oligonudeotides into the Xho I site of the plasmid pSPM78. 






1 XhoI MluI 	XhoI 
	
MluI 	XhoI 	MluI XhoI 
CTCGAGACGCGTCTCGAGACCCGTCTCGAGACGCGTGTCGAG 
2 	MluI 	 Mlii! 	 MluI 
CTCGATACGCGTAGAT C TACGCGTAGAT C TACGCGTATCGAG 
12 nucleotide element 
consensus: 
Best match in 
pSPA178.3M: 





Sequence accross Xho I site of pSP178 after insertion of double 
stranded oligonucleotides 1. in pSPAI78.3M (Lowndes et al, 1992a), 
and 2. in pSPi178.3M/2. The best matched sequences in each 
insert to the conserved 11 bp element in S. pombe are shown. 
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IacZ but each is flanked by different sequences to those which flank the Mlu 
I sites in pSPAI78.3M, although the spacing of the three Mlu I sites is the 
same in both plasmids. pSP178.3M/2 contains three 6/11 matches to the 
conserved nucleotides of the 12 nucleotide element (as opposed to the three 
9/11 base pair matches present in pSPi178.3M). This information is 
summarised in figure 6.3. 
pSPi178.3M/2 was transformed into cdc cells. In exponentially 
growing, asynchronous cultures, -galactosidase activity per cell was 
reduced 5-6 fold. Cells were also grown in synchronous culture. Activity 
per ml of culture increased exponentially throughout the cell cycle, in 
contrast to the periodic increase in activity which had been seen when cells 
carrying pSPAI78.3M were grown in synchronous culture (figure 6.4). This 
indicates that the Xho I sites present in pSPA178.3M form part of the 
sequence necessary for periodic expression of the lacZ reporter, and that 
three MCBs, spaced at 6 bp intervals, are insufficient to confer periodic 
expression on a downstream reporter gene in S. poinbe. 
An important subsequent experiment would be the introduction of 
equivalent sequence changes into pLGA178.3M, the vector used to test MCB 
function in S. cerevisiae by Lowndes et al (1991) and others. The results of 
the database search performed in section 6.ID suggest that periodicity 
would not be lost, as the 12 nucleotide element does not appear conserved 
in S. cerevisiae. 
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cdc[pSPi178.3M/2] cells were grown to mid log phase at 32°C, and 
a 300 ml synchronous culture was prepared by elutriation. This culture was 
then allowed to grow through two synchronous divisions. Samples were 
taken at 20 minute intervals from the culture to enable (i) determination of 
cell number and (ii) determination of 3-galactosidase activity by liquid 
culture assay (see section 2.51). 
This data is presented in comparison with data previously presented 
in figure 4.18, when cdc[pSPi178.3M] were subjected to a similar 
procedure. These experiments are not directly equivalent because the 
earlier experiments was performed at 24°C, but the periodicity of the 
3xMCB-lacZ reporter gene has been demonstrated at 32°C (Lowndes et a!, 
1992a). The data from the earlier experiment is repeated in graphs I and 3; 
the data obtained using cells carrying pSPA178.3M/2 is shown in graphs 2 
and 4. Cell number is shown in units of 10 6 cells/ml (graphs I and 2), and 
-galactosidase activity in units of nmol ONPG hydrolysed/min/ml 

























63 The regulation of genes located downstream of 12 nucleotide 
elements 
6.3A Introduction 
Screening the database had revealed that the 12 nucleotide element is 
sparingly found in S. porn be, and is usually located upstream of genes that 
are periodically expressed during the cell cycle. Some of these are known to 
be under cdc1O control and this has been reported to be mediated via 
MCBs; cdc22 (Gordon and Fantes, 1986; Lowndes et al, 1992b) and cdc18 
(Kelly et al, 1993). Hofmann and Beach (1994) have demonstrated that cdt1, 
another of these genes, is periodically expressed at G1-S but that a cdcl0-
containing complex binds to a region of DNA that does not contain MCBs. 
They have not shown whether the region containing MCBs is also a 
substrate for binding by a cdcl 0-containing complex. It has recently been 
shown that the large transcript of suc22 is also periodically expressed (C. 
Mclnerny, personal communication). 
The 12 nucleotide element is also found upstream of cig1, which 
encodes an aperiodically transcribed cydin which functions in G2 (Bueno et 
al, 1991; Bueno and Russell, 1993). In S. cerevisiae, GI cydins are periodically 
transcribed under the control of Swi6, a cdcl0 homologue. In S. pombe, cig2 
encodes a cydin that is periodically expressed coincidentally with other 
genes under cdclO control (Connolly and Beach, 1994). The 12 nucleotide 
element is not found within the published sequence of the cig2 gene 
(Connolly and Beach, 1994). However, it has been shown that this gene is 
over-expressed in cdclO-C4 cells and that the transcript is considerably 
longer than the coding region of the gene (C. Mclnerny, personal 
communication). It is possible that the endogenous transcriptional start is 
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upstream of the region that has been cloned and sequenced; occurrences of 
the 12 nucleotide element may occur in this region. 
Two other genes located downstream of 12 nucleotide elements are 
those encoding histone H2A.1 and histone H2B.1, which are arranged head 
to head with the elements located in the intervening spacer (Matsumoto and 
Yanagida, 1985; Choe et al, 1985). Expression of histone H2A.1 and H2B is 
periodic during the S. pombe cell cycle (Matsumoto et al, 1987), although its 
timing is later than that of MCB-controlled genes (Matsumoto et al, 1987) 
and periodicity of histone H2A.1 expression is not lost in cdclO-C4 cells (C. 
Mdnerny, personal communication). A conserved sequence located 
upstream of all S. pombe histone genes (Matsumoto and Yanagida, 1985) is 
dissimilar to the 12 nucleotide element. 
Additionally, two other genes are located downstream of 12 
nucleotide elements; ste6+, a gene involved in the sexual response pathway 
(Hughes et al, 1990) and spk1, which encodes a MAP kinase homologue 
which also functions in the sexual response pathway (Gotoh et a!, 1993; see 
figure 1.4). 
It is possible that many of the genes whose promoters contain the 12 
nucleotide element may have a role in the transition from Start to S phase in 
S. pombe, and that they might be transcriptionally regulated in the same way 
as known "MCB-controlled" genes. Consequently, C. Mclnerny and I 
investigated whether certain of these genes were over-expressed in cdclO-C4 




The results of these experiments are shown in figure 6.5. spkP is not 
over-expressed in cdc10-C4 cells and is not periodically expressed during the 
cell cycle. However, the transcript in cdclO-C4 cells appears to be slightly 
smaller in size than that in cdc cells. One explanation for this is that cdc1O 
may be required for normal transcriptional initiation of this gene, although 
the gene is not over-expressed in the cdclO-C4 mutant; this possibility has 
not been investigated. In contrast, ste6 is over-expressed in cdclO-C4 cells, 
at a comparable level to the over-expression of other "MC B-controlled" 
genes, such as cdc22+and cdcl8+ (C. Mclnerny, personal communication). 
ste6 is also periodically expressed during the cell cycle. Although the ste6 4 
gene product is known to be required during the sexual response pathway, 
this result suggests that it is periodically transcribed upon commencement 
of mitotic DNA replication, and is regulated in the same way as cdc18, 
cdc22, cdt1 and the large transcript of suc22. Interestingly, expression of 
ste6 is also induced upon conjugation, in response to both mating 
pheromone and nutritional conditions (cited in Sugimoto et al, 1991). The 
Cl cydin cig2 is also periodically expressed in the mitotic cell cycle 
(Connolly and Beach, 1994) and induced upon conjugation (Obara-Ishihara 
and Okayama, 1994). It is possible that both responses are mediated via the 
12 nucleotide element. Some genes are expressed upon nitrogen starvation 
under the control of the stell transcription factor, which binds to a DNA 
element called the TR box (Sugimoto et al, 1991). Expression of ste6 has 
also been reported to be under stell control (cited in Sugimoto et al, 1991), 





Expression in cdclO-C4 cells. 
RNA was prepared from cdc and cdclO-C4 cells grown at 24°C and 
subjected to Northern blot analysis (see section 2.3B). Blots were hybridised 
to ste6, spkl and adhi probes (see section 2.60. RNA prepared from cdc 
cells is shown in the lanes labelled "1"; that prepared from cdclO-C4 cells in 
the lanes labelled '2". 
Expression during the cell cycle. 
RNA was prepared from samples taken at intervals from cdc' cells 
grown at 32°C in synchronous culture, and subjected to Northern blot 
analysis. Samples were also taken for determination of cell number. The 
cell number data is presented in the graph; time is shown as minutes after 
synchronisation, and cell number in units of 106 cells/mi. 
The Northern blot was sequentially hybridised to cdc22, adhi, ste6 
and spkl probes (see section 2.6C), and the results are displayed in the lower 
panel. Time is shown as minutes after synchronisation. 




A 	 12 	 1 2 
spkl 	 ste6 	-, 










100 	200 	300 
25 	45 65 	85 	105 	125 145 165 185 205 225 245 265 






6.4 The S. pombe Cell-cycle Box 
The above results suggest that the MCBs constitute part of a larger 12 
nucleotide element in S. pombe, and that this element is responsible for 
mediating periodic gene expression. The minimum portion of this element 
required for periodic expression has not been determined, although MIu I 
restriction sites alone are insufficient. It is proposed these elements are 
named PCBs (for S. pombe Cell-cycle Boxes). 
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7.1 Background 
Control of the S. pombe cell division cycle resides at two key points, 
the G2-M transition and Start. Entry into mitosis in S. pombe is controlled by 
the action of the universal cydin-associated protein kinase, cdc2 (reviewed 
in Nurse, 1990). Start is a point in Cl where the cell commits itself to 
passage through a subsequent round of the mitotic cell cycle or to undergo 
conjugation or meiosis, and cdc2 is also required for passage of Start (Bissett 
and Nurse, 1981). Although a GI-specific cdc2-cyclin complex has not been 
identified, cydlins whose levels peak in Cl have been isolated in S. pombe 
(see section 7.2B) and cydlin dependent kinases are known to regulate early 
cell cycle transitions in mammalian cells (reviewed in Sherr, 1993). The 
mechanism of commitment to the mitotic cell cycle, and the subsequent 
initiation of DNA synthesis, may be as widely conserved in eukaryotes as 
the mechanism controlling entry into mitosis. 
Cl is very short in S. poinbe and few mutants defective at Start have 
been isolated. Start is better understood in the budding yeast, S. cerevisiae 
(see section 7.2B). One consequence of the passage of Start in this organism 
is the transcription of a set of genes which possess 6-8 nucleotide elements 
called MCBs in their promoters (reviewed in Johnston and Lowndes, 1992). 
Transcription of these genes occurs as a consequence of the binding of MCBs 
by a protein complex named DSCI (Lowndes et al, 1991), which contains the 
Swi6 protein (Lowndes et al, 1992a; Dirick et a!, 1992), a structural 
homologue of the S. pombe cdc10 protein (Breeden and Nasmyth, 1987). 
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Less is known about Start in S. pombe. Amongst the cdc genes, only 
cdc2 and cdc1O are required for passage of Start (Nurse and Bissett, 1981), 
(A) (A 
and there only a few genes are known to be periodically expressed at the 
G1-S boundary in S. pombe ; cdc22 (Gordon and Fantes, 1986), which 
encodes the large subunit of the enzyme ribonucleotide reductase 
(Femandez-Sarabia et al, 1992), and also cdc18 (Kelly et al, 1993) and cdt1 
(Hofmann and Beach, 1994), genes encoding proteins of unknown 
biochemical function (see section 73B). These three genes all possess MCB 
elements in their promoters. A plasmid-borne reporter gene placed 
downstream of a synthetic trimer of three MCBs is periodically expressed in 
S. pombe. (Lowndes et al, 1992b). The periodically expressed transcript is not 
seen in a control plasmid lacking the MCBs (Lowndes et al, 1992b). 
An equivalent binding activity to DSC1, DSCISP, has been identified 
in S. porn be, which binds in vitro to the synthetic trimer of MCBs mentioned 
above (Lowndes et al, 1992b), or to the cluster of four MCBs located 
upstream of the transcriptional start site of the cdc22 gene (C. Mclnemy, 
personal communication). The cluster of four MCBs located downstream of 
the transcriptional start site does not work as a substrate in the bandshift 
assay although it works as a specific competitor (C. Mclnemy, personal 
communication). DSC1SP is invariant during the cell cycle (C. Mclnerny, 
personal communication) and contains the product of the cdclO+ gene 
(Lowndes et al, 1992b), which is required for passage through Start (Nurse 
and Bissett, 1981). At the time this work commenced, a working hypothesis 
was held in which the DSC1SP complex, containing cdclO, binds to the 
cog WAR, 
upstream cluster of MCBs throughout the and is modified in some way to 
promote transcription of cdc22 at the G1-S boundary. 
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7.2 The role of the cdc2 and cdcl OF genes at Start in the promotion of 
MCB-driven transcription 
7.2A Experimental summary 
Both cdc2 and cdc1O are required at Start, and are essential for 
commitment to DNA replication in the mitotic cell cycle (Nurse and Bissett, 
1981). cdc2ts and cdcl Ot cells have been arrested at Start by release from 
nitrogen starvation-induced Go at their restrictive temperature (see section 
4.3). These experiments have shown that a reporter gene under MCB 
control (3xMCB-1acZ), which is periodically expressed co-incidentally with 
cdc22 during a normal cell cycle (Lowndes et al, 1992b), is also expressed 
while cdc2-33 cells are arrested in Cl. Indeed, the gene is more highly 
expressed in cdc2-33 cells than in cdc cells released from starvation at 36°C, 
although the latter are able to replicate their DNA. The expression of the 
cdc22 transcript in cdc2-33 cells parallels that of the 3xMCB-1acZ reporter. 
By contrast, and consistent with observations made on asynchronous, 
exponentially growing cultures, cdcl O is required for MCB-mediated gene 
expression in cells released from Go. 
7.2B Discussion 
Cells carrying temperature sensitive mutations in the cdc18 or cdc22 
genes arrest after Start (Nasmyth and Nurse, 1981), in contrast to cdclOth 
mutants (Nurse and Bissett, 1981). This suggests that cdclO has an 
additional role to the promoting the transcription of genes involved in DNA 
synthesis. Passage of Start in S. cerevisiae is better understood and there are 
some similarities between the role of cdcl0 in S. poinbe and that of a 
structural homologue of cdclO, Swi6, in S. cerevisiae. 
In S. cerevisiae, a feedback loop model has been proposed to explain 
passage of Start (Dirick and Nasmyth, 1991; Cross and Tmkelenberg, 1991). 
According to this model, a p34CDC28  -Cl cyclin complex activates the Swi4 
and Swi6 proteins, which form a DNA binding complex called SBF 
(formerly named CCBF; Taba et a!, 1991). SBF binds to elements called SCBs 
(formerly named CCBs) in the promoters of a set of genes transcribed at 
Start (Nasmyth, 1985), including genes which encode Cl cydlins (Nasmyth 
and Dirick, 1991; Ogas et al, 1991). This system of positive feedback enables 
cells to undertake an irreversible commitment to subsequent cell cycle 
progression at Start. 
As described in section 7.1, Swi6 is also a component of a second 
transcription activating complex, DSC1, which binds MCB elements. The 
sequence of the MCB is different from that of the SCB, and a different set of 
genes are under MCB control. These genes encode proteins involved in 
DNA synthesis, and their transcription upon passage through Start may 
have a role in driving the transition from Cl to S phase (reviewed in 
Johnston, 1992). 
It is possible to propose a similar model for Start in S. pombe. cdclO 
may be a component of more than one transcription activating complex, and 
a complex with different target specificity to that of DSC1SP may promote 
transcription of one or more Cl-specific cyclin(s). Two cyclins have been 
identified in S. pombe which appear to have a role in ci; puci and cig2, 
although puci does not appear to be involved in progression through the 
mitotic cell division cycle (Forsburg and Nurse, 1994). Interestingly, cig2 is 
encoded by a periodically expressed gene, peak levels of cig2 transcript are 
observed in at the G1-S boundary (Connolly and Beach, 1994), and the cig2 
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transcript appears to be under cdclO control in a manner similar to MCB-
controlled genes (C. Mclnerny, personal communication). 
The observation that expression of an MCB-controlled reporter gene 
can occur in the absence of cdc2 function in CI arrested cells is a striking 
and unexpected result. It suggests that cdc2 is not required for cdclO 
function and that e4c2 and cdc1O are located on independent pathways. 
Both pathways are absolutely required for S phase, as both cdc2ts and cdcl(P 
mutants arrest at Start upon release from Co at their restrictive 
temperatures. 
This result suggests that differences between the mechanisms which 
control the passage of Start in S. pombe and S. cerevisiae. It is possible that 
cdclO has other functions in addition to binding MCBs as part of DSCISP, 
just as Swi6 is a component of SBF as well as of DSCI, and if this is the case, 
cdclO could be activated for some roles by a feedback loop involving cdc2. 
But the activation of cdclO to promote MCB-mediated transcription appears 
independent of cdc2. 
Another explanation of this result is that cdclO function is dependent 
on cdc2 function but that the 3xMCB-1acZ reporter gene can be expressed 
independently of cdclO. In S. cerevisiae, MCB-dependent gene expression 
has been shown to occur even in the absence of Swi6. Deletion of the SWI6 
gene abolishes the MCB-dependent periodic expression of the SWI4 gene 
(Foster et al, 1993). SWI4 is expressed aperiodically in swi6 deletions, and 
surprisingly, this expression is also partially dependent on the presence of 
MCBs (Foster et al, 1993). However, there is no evidence for cdclO-
independent gene expression being mediated by MCBs in S. pombe. Indeed, 
an MCB-controlled reporter gene is not expressed in c4clO-129 cells at their 
restrictive temperature (see sections 4.I1 7, 4.3). Additionally cdc1O is 
essential whereas SWI6 is not; this does not prove, but is consistent with, the 
model that MCB-mediated gene expression in S. cerevisiae is not absolutely 
dependent on Swi6, whereas MCB-mediated gene expression in S. pombe is 
absolutely dependent on cdclO. 
Another reason why the observation of MCB-mediated transcription 
in cdc2-33 cells released from nitrogen starvation at their restrictive 
temperature is surprising is that Reymond et a! (1993) failed to detect the 
MCB-binding complex DSC1SP in cells subjected to a similar experiment. 
They also showed that DSCISP is not detected in extracts of cells in which 
cdc2 has been destroyed by heat-shock, although this protocol for cdc2 
destruction does not necessarily leave the rest of the cell unharmed. 
However, there are other instances when transcription of MCB-
controlled genes is seen although DSCISP activity cannot be detected. 
DSC1SP is aperiodic in wild-type cells, and cdc22 is periodically expressed. 
But in cdclO-C4 cells at their permissive temperature, MCB-controlled genes jC. 
expressed at a high level throughout the cell cycle (see section 4.4) yet 
DSC1SP is not detectable (Lowndes et a!, 1992b). Secondly, in weel-50 cells, 
transcription of cdc22 is less sharply periodic than in wild type cells (C. 
Mclnerny, personal communication), but DSC1P activity is periodic 
(Reymond et a!, 1993). Thus the inability to detect DSC1SP in vitro is not 
uniquely inconsistent with the observation of gene expression. 
However, C. Mdnerny and myself (data not shown) have shown that 
DSC1SP appears prior to the transcription of cdc22 in cdc cells emerging 
from nitrogen starvation. It is therefore surprising that in cdc2-33 cells 
emerging from nitrogen starvation, there is expression of an MCB-controlled 
gene but no detectable DSC1Stictivity. 
There is further evidence for the model that cdc2 and cdclO are 
located on independent pathways. In vitro, cdc2 phosphorylates cdclO on 
its major in vivo phosphorylation site (Deuschle and Beach, 1992). Mutation 
of this residue reduces cdcl0 function, but in vivo phosphorylation is not 
affected by the presence of cdc2 mutations (Deuschle and Beach, 1992). This 
suggests that an alternative kinase may be responsible for in vivo 
phosphorylation of this residue, although a candidate kinase has not yet 
been proposed. 
7.3 A model for the role of cdcl0 in the MCB-binding complex DSC1SP 
7.3A Experimental Summary 
A reporter gene consisting of DNA taken from upstream of cdc22, 
fused to lacZ (cdc22-lacZ) is over-expressed in cdclO-C4 cells (see section 
4.IF). cdc22 itself (C. Mclnerny, personal communication) and the 3xMCB-
lacZ reporter are similarly over-expressed, and this has been shown in each 
case to be the result of constitutive expression during the cell cyde, although 
these genes are periodically expressed in wild type cells (see section 4.4). 
7.3B Background 
Two new genes periodically expressed in a cdc1O-dependent manner 
in S. pombe have recently been cloned, cdc18 (Kelly et al, 1993) and cdt1 
(Hofmann and Beach, 1994). Both contain MCBs within their promoter 
sequences, and there is very strong conservation between the upstream 
cluster of MCBs found in the cdc22 promoter and similar clusters found 
upstream of cdc18 and cdt1 (see figure 6.2). Moreover, the large transcript 
of suc22 has been shown to also be periodically expressed (C. Mdnerny, 
personal communication) and this also possesses an upstream MCB- 
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containing DNA motif similar to that found upstream of cdc22. The 
significance of this motif is discussed subsequently (see section 7.5). 
suc22 large transcript, cdc18 and cdt1 are all expressed throughout the 
cell cycle in cdclO-C4 cells (C. Mclnerny, personal communication). 
One of the reasons why cdclO was originally considered as a 
potential component of DSCISP was its homology to the Swi4 and Swi6 
proteins in S. cerevisiae (Breeden and Nasmyth, 1987), which are important 
in controlling transcription at the G1-S boundary in this organism (Andrews 
and Herskowitz, 1989; Taba et al, 1991). These proteins are part of a wider 
family of proteins which possess a common motif, the ankyrin/cdclO/Swi6 
motif, which has been suggested to mediate protein-protein interactions 
(LaMarco et al, 1991). Some of these proteins are components of DNA 
binding complexes, and a structure has been proposed for one of these 
complexes, GABP. GABP, a complex identified in rat liver nuclei, is an 
hetero-tetramer with an a22 structure, and a dimeric DNA binding site (La 
Marco et al, 1991). It is not known whether this structure is generally 
applicable to all transcription factors whose subunits contain ankyrin motifs; 
in this context, it is interesting that a single MCB is not a substrate for DSCI 
binding in S. cerevisiae, but a fragment containing two MCBs is a substrate 
(Lowndes et al, 1991). 
In S. cerevisiae, the Swi6 protein associates with the Swi4 protein to 
form a complex which binds SCB elements (Taba et al, 1991) and with Mbpl 
to form DSCI, which binds MCB: elements (Lowndes et al, 1992a; Dirick et 
al, 1992; Koch et al, 1993). Swi6, Swi4 and Mbpl are structural homologues 
of each other (Breeden and Nasmyth, 1987; Koch et al, 1993). Recently, two 
new S. pombe cdclO homologues have been isolated, and a model can now 
be proposed in S. poinbe similar to that of S. cerevisiae. 
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The first of these subunits has been called sctl (Caligiuri and Beach, 
1993), also resl (Tanaka et al, 1992). sctl/resl is a component of DSCISP 
(Caligiuri and Beach, 1993). Over-expression of sct1/res1 rescues cells 
carrying a cdclO deletion (Tanaka et al, 1992; Caligiuri and Beach, 1993), but 
better rescue is conferred by overexpression of a mutant allele, sctl-bl 
(Caligiuri and Beach, 1993). Cells in which over 80% of the open reading 
frame (1.7 kb) of sct1/res1 has been replaced grow at 30°C but not at 23°C 
or 36°C (Tanaka et al, 1992); replacement of a 1.4 kb fragment, overlapping 
that replaced by Tanaka et al, has been reported to render cells inviable 
(Caligiuri and Beach, 1993). The terminal phenotype of sctl/resl deletions is 
Cl arrest, and neither deletion can be rescued by over-expression of cdc1O 
(Tanaka et a!, 1992; Caligiuri and Beach, 1993). Comparisons with 
S. cerevisiae genes suggest that the closest structural homologue of sctl/resl 
in S. cerevisiae is Swi4, whereas the closest structural homologue of cdcl0 is 
Swi6 (Tanaka et al, 1992). 
The res2+ gene is another cdclO+ homologue in S. pombe, and res2 4 
over-expression will rescue the cold sensitive-lethality of resi deletions 
(Miyamoto et a!, 1994). res2 was isolated in a screen for mitotic suppressors 
of cdclO-129, but both resl+ and res2+ deletions are also unable to commence 
pre-meiotic DNA synthesis (Miyamoto et a!, 1994). The mitotic defect is 
more marked in resi deletions and the meiotic defect more marked in res2 
deletions, but both processes require the function of only one of the two res 
genes (Tanaka et al, 1992; Miyamoto et a!, 1994). Additionally, res2, but not 
res1, is induced upon conjugation (Miyamoto et a!, 1994). Miyanioto et al 
suggest that cdcl0 and sctl/resl form a complex regulating transcription at 
the commencement of S phase in the mitotic cell cycle, and that cdc10 and 
res2 form a complex that functions in pre-meiotic DNA replication. They 
suggest that these complexes may have different DNA recognition 
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sequences (i.e., the cdc1O/res2 complex might preferentially bind sequences 
other than MCBs), although the partial redundancy of res1 and res2 
suggests that each complex can bind the recognition sequence of the other. 
7.3C Discussion 
The phenotype of cdclO-C4 mutants at 24°C was unexpected. Given 
that cdc1O is necessary for MCB-driven transcription, and that the cdclO-C4 
is a lethal mutation at 36°C, it was not expected transcription of MCB-driven 
genes at 24°C would be enhanced in cdclO-C4 cells at 24°C. The result was 
also surprising because DSC1SP  has not been detected in bandshift assays in 
extracts taken from e4clO-C4 cells grown at 24°C (Lowndes et a!, 1992b). 
One model to explain these results is that cdclO may have two roles 
in DSCISP. It might be required for the structural integrity of the complex, 
but its role within the complex might be to negatively regulate transcription. 
It is possible that cdclO is directly modified, for example by phosphorylation 
or dephosphorylation, to switch off transcription once cells have entered S 
phase. Phosphorylation on the Serine 196 residue of cdclO is required for 
cdclO function (Deuschle and Beach, 1992), so it is possible that a 
dephosphorylation event at this residue could de-activate DSCISP. It is also 
possible that the signal is received by another component of the complex 
(sctl /resl) but that DSCISP is rendered inactive only after this signal is 
transmitted to cdclO. According to this model, the cdc1O-C4 protein has lost 
the domain that would normally receive this negative input, and: thus 
DSCISP remains active throughout the cell cycle. 
The absence of DSC1SP in bandshift assays can be explained by 
postulating that the C-terminal deletion of cdclO reduces the binding 
affinity and stability of the complex, rendering it undetectable in vitro. 
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Consistent with this, the cdclO-C4 phenotype is recessive to the wild type 
phenotype in diploid cells (C. Mdnerny, personal communication), which 
suggests that formation of the wild type complex is preferred to the complex 
including the mutant protein. 
Does the formation of active DSC1SP, and the consequent 
transcription of MCB controlled genes, drive entry into S phase? Most 
MCB-controlled genes appear to be required for DNA replication, while the 
cig2 gene (Connolly and Beach, 1994) which may be under MCB control 
(see section 6.3), encodes a cydlin and may be part of a feedback loop at 
Start. S phase occurs very early in the cell cycle of wild type cells, but in 
small cells, Cl is significantly longer. It would be interesting to see if S 
phase was advanced in weel-6 cdclO-C4 double mutants relative to weel-6 
single mutants, because of the constitutive transcription of MCB-controlled 
genes. 
7.4 The role of the two MCB clusters upstream of cdc22 
7.4A Experimental summary 
The cdc22 promoter contains 9 MCBs, arranged as two dusters and 
one isolated MCB (Lowndes et al, 1992b, C. Mclnerny, personal 
communication). In S. cerevisiae, it has been shown that a single MCB is not 
capable of conferring periodicity of transcription upon a downstream 
reporter gene (Lowndes et al, 1991). The upstream MCB cluster of cdc22 is 
located upstream of the transcriptional start site (C. Mclnerny, personal 
communication). This duster contains four MCBs, including one perfect 
Mlu I restriction site. The downstream duster is located downstream of 
transcriptional start. This duster contains four MCBs, two of which are 
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perfect Mlu I sites. Only the upstream cluster is a substrate for the DSCISP 
binding activity seen in bandshift assays; the downstream duster will act as 
a competitor for this activity (C. Mclnerny, personal communication). The 
bandshift and transcriptional start data suggested the upstream duster was 
most likely to be involved in regulation of cdc22. Therefore the MCBs 
present in this duster were removed by mutagenesis from sequences 
derived from the upstream region of cdc22. No difference was observed 
between the expression of lacZ reporter genes placed under the control of 
the mutated and the un-mutated sequence, except that expression of the 
mutated construct was slightly enhanced. 
7.4B Discussion 
MCBs have been removed from the promoters of several periodically 
expressed genes in S. cerevisiae . (McIntosh et al, 1991, Lowndes et a!, 1991, 
Gordon and Campbell, 1991), resulting in lost periodicity and greatly 
reduced levels of gene expression in asynchronous culture. However, if 
MCBs were removed from the SWI4 promoter, the level of gene expression 
was again reduced but periodicity was still observed, although slightly 
reduced (Foster et al, 1993). This suggests that the SWI4 promoter region 
contains other elements, in addition to MCBs, capable of conferring 
periodicity of expression upon a downstream gene. 
The regulation of the genes encoding histones in S. cerevisiae is also 
complex, but may be conceptually similar to regulation of cdc22. Histones 
are periodically expressed in S. cerevisiae and two elements have been 
identified upstream of them, both independently capable of conferring 
periodicity of expression upon a downstream reporter gene (Osley et a!, 
1986; Osley and Lycan, 1987). Either may be removed from the full 
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promoter sequence without altering periodicity of gene expression (Osley 
and Lycan, 1987). 
The discovery that regulation of the mutated cdc22-1acZ reporter is 
unchanged by removal of the upstream MCBs was unexpected. Extreme 
explanations of this result include the suggestions that MCBs have no in vivo 
relevance in the cdc22 promoter, or that the mutated residues are not 
essential for in vivo MCB function in S. pombe. A less drastic hypothesis 
would suggest that the mutated MCBs are redundant. A plausible second 
regulatory sequence is the downstream MCB cluster. This suggestion is 
supported by the subsequent identification of a footprint at the downstream 
duster but not at the upstream cluster (C. Mclnerny, personal 
communication) although the bandshift and transcriptional start data had 
suggested that the upstream cluster was likely to be important. 
If the downstream cluster of MCBs directs periodic expression of the 
reporter gene in the mutated construct, this could be a specific consequence 
of removing the upstream MCBs, and the downstream duster might play no 
role in the natural promoter. If so, transcriptional start might also be altered 
upon mutating the upstream cluster, perhaps to a point within the 57 
nucleotides between the downstream duster and the translational start site. 
It is also possible (see section 5.6) that altered transcriptional start results in 
the adoption by the cell of a downstream translational start site, and the 
synthesis of a 5' truncated cdc22-lacZ fusion protein. 
The possibility that the mutated construct has the same 
transcriptional start site as the wild type cdc22 gene is more exciting, as 
there are no reports of sequences downstream of transcriptional start 
regulating gene expression in S. pombe. 
One obvious next step in analysing the cdc22 promoter would be the 
removal of the MCBs present in the downstream duster, in both the un- 
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mutated cdc22-1acZ reporter and the reporter in which the upstream duster 
has been mutated. Mapping transcriptional start in all these mutated 
constructs is also an important experiment It would be interesting to know 
if the upstream cluster, which does not appear to be necessary to confer 
periodic expression, is sufficient to confer it in the absence of the 
downstream duster. Such questions could also be investigated by cloning 
portions of the promoter upstream of a reporter gene, although this 
approach could fail if the MCB dusters direct expression in concert with 
other sequences. 
If, as expected, by mutating the downstream duster instead 
of /additionally to the upstream cluster, periodicity of gene expression was 
abolished, it would then be possible to investigate whether expression was 
also altered upon cell cycle arrest in cdclO-129 and cdcl-7 mutants. MCBs 
appear insufficient to explain such expression (see sections 4.2, 7.6) but 
whether they are necessary has not been determined. If they are not, it 
would then be worthwhile to done fragments of the cdc22 promoter 
upstream of a reporter gene in order to locate the sequences important for 
mediating these responses. 
7.5 FCBs 
7.5A Experimental summary 
An analysis of DNA sequences located upstream of known 
periodically expressed genes in S. pombe indicated that they shared more 
than just MCBs. Indeed, an 11 nucleotide element, consisting of two 
overlapping MCBs, had already been observed in the upstream MCB duster 
of cdc22 and also in cdc18 (Kelly et al, 1993). A more detailed study of the 
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promoter regions of periodically expressed genes suggested that in fact a 
they contain multiple copies of a 12 nucleotide element (which I have 
named the PCB), or a near match to this consensus sequence (see section 
6.1B). A search of all published S. pombe sequences revealed that PCBs are 
found only sparingly elsewhere (see section 6.I0. The upstream regions of 
ste6 and spk1, genes whose transcription during the cell cyde had not 
previously been ascertained, contain PCBs. It was shown that ste6 is 
periodically expressed during the cell cyde and over-expressed in 
asynchronous cultures of cdclO-C4 cells, although spk1 was not (see section 
6.3). It was also shown that periodic expression of the 3xMCB-1acZ reporter 
gene is dependent on sequences outwith the MCBs. Changing the 
intervening DNA, leaving the MCBs intact but reducing the match to the 
PCB consensus, abolished periodicity of expression from the reporter (see 
section 6.2). 
7.5B Discussion 
Our evidence suggests that the MCB itself is insufficient for 
conferring periodicity of expression upon downstream genes in S. pombe, 
and we suggest instead that an 12 nucleotide sequence, which we have 
named the PCB, actuallyffteaes the properties previously assigned to MCBs 
in this organism. 
What defines the PCB? The upstream and downstream "MCB" 
dusters of cdc22 each contain one perfect 11/11 match to the PCB 
consensus (derived from the sequence of PCBs present upstream of genes 
known to be periodically transcribed around the G1-S boundary). The 
downstream cluster additionally contains a less perfect match. Similarly, 
there are perfect and imperfect matches found upstream of cdc18. The 
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cdtl+ promoter contains one perfect match, as does the ste6+ promoter. 
There is only a 10/11 bp match upstream of the transcriptional start of the 
suc22 large transcript, and this transcript is expressed at a very low level, 
although it is still highly periodic Two overlapping 9/11 base pair matches 
do not confer periodicity upon spk1. However, the 3xMCB-LacZ reporter, 
which possesses three sequential 9/11 matches to the consensus, has been 
extensively used precisely because it is periodically expressed. The 
relationship of the number, spacing and sequence of these elements required 
for periodic expression is not yet characterised; the low level of expression 
of the suc22 large transcript may indicate that only some of the sequences 
which mediate the stronger expression of cdc22 are present upstream of 
suc22. 
Certain residues are invariantly conserved in all instances where a 
dose match to the consensus appears upstream of a known periodically 
expressed gene. Where multiple elements exist, spacing might also be 
important. Although some periodically expressed genes contain only one 
element, these elements may act in concert with other elements in the 
promoter (for example, these elements are often located dose to ordinary 
MCBs). 
Whereas the MCB hexamer is palindromic, PCBs are not. 11/11 
nucleotide matches to the PCB consensus, and near-perfect (10/11 and 9/11) 
matches, are found upstream of periodically transcribed genes in both 
orientations with respect to the direction of transcription. As it is unclear 
which PCBs have an in vivo role, the importance of orientation for PCB 
function is not known. 
In S. cerevisiae, 9/11 and 10/11 matches to the consensus are 
common, but there are no perfect matches and the sequence does not appear 
upstream of most known MCB-regulated genes. Additionally, in S. 
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cerevisiae, an A ipi position 8 (i.e., ACGCGTXA) is conserved (McIntosh et al, 
1991), and may be required for MCB function (McIntosh et a!, 1991; Johnston 
and Lowndes, 1992). This A does not fit the PCB consensus. This apparent 
divergence between the two yeasts is not especially remarkable, as they are 
not identical systems; multiple MCBs are found upstream of many 
periodically expressed genes in S. pombe, in contrast with the typical 
presence of two or three located upstream of periodically expressed genes in 
S. cerevisiae (summarised in Johnston and Lowndes, 1992). Additionally, a 
much greater number of periodically expressed genes has been identified 
in S. cerevisiae, perhaps because Start is the major point of control of the cell 
cycle in this organism (reviewed in Johnston, 1992). The presence of the 
PCB may be specific to S. pombe. Precisely defining the necessary sequences 
capable of mediating periodic gene expression in each organism would 
require a more systematic approach to modification of the pSPM78 and 
pLGAI78 test plasmids. 
There is one confusing report of sequences that do not contain 
MCBs/PCBs binding DSCISP in S. poinbe. The MCBs upstream of cdt1 are 
located very close to the putative translational start site (Hofmann and 
Beach, 1994), and there is one match to the PCB consensus. However, in 
vitro bandshift assays have shown that cdclO binds a portion of the cdt1 
promoter that does not contain MCBs (Hofmann and Beach, 1994). If cdclO 
binds this region of the cdt1 promoter in vivo, it is hard to explain the 
presence of MCBs, and the PCB consensus, elsewhere in the cdtl+ upstream 
region, and the apparent similarity between the expression patterns of cdt1 
and cdc22. Hofmann and Beach explain their findings by suggesting the 
sequence to which they detect in vitro binding by cdclO shares important 
conserved residues with the MCB, and with the SCB element of S. cerevisiae. 
Strangely, the MCB/PCB-containing region from cdt1 was not tested as a 
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substrate in bandshift assays. Which cis-acting sequences are involved in 
periodic regulation of this gene remains unclear. 
The discovery that ste6 is periodically expressed in the mitotic cell 
cycle of S. pombe is also interesting. The ste6 gene interacts with the ras1 
gene, which is a component of the sexual response pathway (see section 
1.5B; Hughes et al, 1990); ste6 is homologous to the CDC25 gene of S. 
cerevisiae (Hughes et al, 1990), which encodes a (ras-interacting) guanine-
nucleotide exchange factor (Jones et a!, 1991). Expression of ste6 is induced 
upon conjugation (cited in Sugimoto et a!, 1991). Certain cellular processes 
may occur after Start irrespective of the developmental decision taken to 
undertake either meiosis or mitosis, while other processes are specific to one 
pathway. Thus ste6 may be expressed each time the cell passes through 
Start, although the only known role of ste6 is in the sexual response 
pathway. It is also possible that ste6 has a role, as yet unspecified, in 
mitosis, although ste6 deletions have no obvious phenotype except for their 
inability to conjugate. 
As res2 is induced in conjugating cells while res1/sct1 is not 
expressed (Obara-Ishihara and Okayama, 1994), it is possible that while 
ste6 is transcribed during the mitotic cell cycle, probably under DSCISP 
control, its transcription in cells undergoing conjugation, perhaps directed 
by a complex of the cdc10 and res2 proteins, is more important. 
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7.5B Future work 
The work discussed in sections 7.4 and 7.5 has not been sufficient to 
establish precisely which sequences upstream of cdc22 are involved in the 
periodic expression of this gene. Although the upstream MCB duster has 
been shown to be dispensable, it has not been shown that this duster is 
incapable of directing periodic expression, nor that it is irrelevant in vivo; 
similarly, although the results obtained so far suggest a role for the 
downstream MCB duster, this is inferred rather than proven. If the 
downstream MCB duster can promote transcription from an upstream start 
site, this is possibly the first recorded case of such a phenomenon in a 
microbial system, although consistent with the behaviour of eukaryotic 
enhancers. Investigating this question, by mutating the downstream MCB 
duster and by mapping transcriptional start from the mutated constructs, is 
an important aim of future work. 
The discovery of the PCB suggests that the MCB dusters are only 
able to mediate transcriptional activation because they contain the PCB 
consensus. In establishing which PCBs were able to direct periodic 
transcription, the requirements for a functional PCB might become dearer, 
such as the importance of orientation, and the number and location of 
departures from the consensus sequence. Establishing a certain answer to 
this question will require a systematic test of the ability of sequences 
derived from the PCB consensus to promote periodic gene expression in 
S. poinbe, and it is also intended to undertake this task. 
7.6 MCBIPCB-independent expression of genes encoding subunits of 
ribonucleotide reductase in S. pombe 
7.6A Experimental summary 
To investigate the MCB-dependence of cdc22 expression, the 
expression of three genes upon inducing cell cycle arrest was investigated 
(see section 4.1). These were the endogenous cdc22+ gene, and two lacZ 
reporter genes, the first of which was the 3xMCB-!acZ reporter (more 
accurately, the 3xPCB-lacZ reporter). The other reporter gene (cdc22-lacZ) 
was an in-frame fusion of DNA taken from upstream of the cdc22 gene and 
extending a short distance into the coding region to lacZ. 
The following conclusions were drawn from this work. Firstly, under 
certain conditions of cell cycle arrest, cdc22 is expressed at times of the cell 
cycle when it would not be expressed in exponentially growing cells (e.g., in 
cdclO-129 and cdcl-7 mutants arrested at their restrictive temperatures). 
Secondly, a reporter gene under solely MCB/PCB control is not expressed at 
these times, indicating that this expression is mediated by elements outwith 
these sequences. Thirdly, the dependence of the expression of cdc22 in 
certain arrested cells upon the mitotic checkpoint has been investigated (see 
section 4.2). The checkpoint arrests cells with either damaged or 
unreplicated DNA, and checkpoint function is dependent on the rad1 gene 
(Al-Khodairy and Carr, 1992; Rowley et al, 1992). Expression of cdc22 in 
arrested cdclO-129 mutants is rad1-independent, but the expression seen in 
arrested c4c17-K42 mutants, which are blocked in S phase, is rad1-
dependent. However, the rad1-dependence of cdc22 and suc22+ large 
transcript expression are not identical, although other experiments have 
suggested that these two genes are co-ordinately regulated. 
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7.6B Discussion 
In addition to cdc22 4 , cdc18, cdf1 and the large transcript of suc22 
are periodically expressed at time of the Cl- S boundary in S. pombe, and all 
possess upstream PCB elements. cdc22 and suc22 large transcript are also 
both expressed upon treatment of cells with the DNA damaging agent 4-
nitroquinoline-1-oxide (4-NQO), independently of their position in the cell 
cycle (P. Harris, personal communication), upon treatment of cells with the 
drug hydroxyurea (HU) (Fernandez-Sarabia et al, 1993), dependent on the 
cells being in S phase (P. Harris, personal communication), and upon arrest 
in a number of cdcts mutants (Fernandez-Sarabia et al, 1993; see also section 
4.1). There are PCBs present upstream of both genes, and it seems likely 
that they are co-ordinately regulated. 
The expression of cdc18 and cdt1 is not as well characterised, but in 
at least one case, these two genes are expressed differently from the two 
genes which encode subunits of RNR. When cdclO-129 mutants are shifted 
to their restrictive temperature, levels of c4c18 transcript fall sharply (Kelly 
et al, 1992) and those of cdt1 transcript fall to virtually zero (Hofmann and 
Beach, 1993). This is consistent with the idea that cdclO is required for their 
expression and that they are not expressed independently of cdclO. 
The rad1-independent expression of c4c22 and suc22 large 
transcript in cdc1Otarrested cells is not observed for a reporter gene under 
MCB/PCB control. It thus appears that a system for expression of these 
genes exists which does not require cdclO or radi, and which does require 
the presence of cis-acting elements in addition to MCBs/PCB5. This 
suggestion casts a new light on the findings of Kelly et al (1993), who 
suggested that promoting the transcription of cdc18 was the major function 
of cdclO, in view of the fact that cdc18 over-expression could rescue cdclO- 
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129 mutants. They proposed that the mutant cdclO protein might direct the 
expression of periodically transcribed genes at a very low level, but that this 
was sufficient for the cell except in the case of cdc18. An alternative 
explanation for their findings is that sufficient transcription of cdc22 and 
suc22, but not cdc18, can occur independently of cdc1O. 
In cdcl-7 cells, where expression of cdc22 is probably rad1-
dependent, MCBs/PCBs appear inadequate to mediate the response. This 
suggests that the radi pathway regulates expression of these genes 
independently of the machinery involved in their cell cycle regulation. 
When arrested cdc2ts cells, which are mostly located in G2, are treated with 
4-NQO, rad1-dependent expression of cdc22 and suc22 large transcript is 
observed (P. Harris, personal communication). An interesting experiment 
would be to arrest cdc2ts cdclO-129 cells in G2 using the cdc2ts block, then 
treated with 4-NQO. This could establish whether rad1-dependent 
expression of cdc22+ is dependent on cdclO function, or if it is mediated 
independently. 
Cells carrying c4c18 deletions cannot undergo S phase, but they do 
not arrest in GI and instead attempt mitosis. This suggests that cdc18 has a 
dual function; it is required for DNA replication, but it also acts to prevent 
mitosis before replication has been completed. A similar dual role has been 
suggested for cdt1 (Hofmann and Beach, 1994) and for a further gene, cu t5+  
(Saka and Yanagida, 1993). cut5 is not periodically expressed but there is 
evidence that it may be under the indirect control of cdc1O (Saka and 
Yanagida, 1993; Saka et a!, in press). 
A speculative model, derived from that of Kelly et a! (1993), can be 
proposed to explain these observations. The proteins encoded by these 
genes might form a replication complex, which assembles on the DNA, 
whose function is required for replication and which also emits a signal that 
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acts, via the mitotic checkpoint, to prevent the conversion of cdc2 into its 
mitotically active form. In a normal cell cycle, other requirements for entry 
into mitosis (such as a size requirement) also prevent conversion of cdc2 
into its mitotic form and DNA replication is complete, and the complex 
disassembled, before these other requirements are met. If replication is 
unable to proceed normally, by contrast, this pathway becomes the rate 
limiting block to mitotic entry. 
But the mitotic checkpoint also acts to direct expression of cdc22 and 
suc22 large transcript. This phenotype is also cryptic during a normal S 
phase, because of these genes are also expressed at this time under the 
control of DSCISP. As with radi-dependent cell cycle arrest, radi-
dependent expression can only be identified when duplicate systems (in this 
case, DSC1P-mediated expression) are turned off. 
The ideas discussed in this chapter are summarised in figure 7.1 and, 
somewhat more speculatively, in figure 7.2. 
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Figure 7.1 
Regulation of genes expressed at the G1-S boundary in S. poinbe 
A number of genes are periodically expressed at the G1-S boundary 
in S. poinbe, probably mediated by the binding of the transcription-activating 
complex D5Sp to the PCB element. There are PCBs upstream and 
downstream of the transcriptional start of the cdc22 gene; the in vivo 
relevance of each is still unclear. cdc22 is also expressed in cdclOts arrested 
cells (independently of rad1), and also in a rad1-dependent manner when 
DNA is damaged or in cdclts arrested cells. PCBs alone do not appear 
sufficient to mediate this expression. 
The large transcript of suc22 is similarly regulated; by contrast, the 
small transcript is constitutively expressed. cdc18 and cdt1 are only 
known to be expressed under cell cycle control, and are not expressed in 
cdclOts arrested cells. It is unclear whether DSCISP binds the PCB element 
upstream of cdt1 or elsewhere. cig2 is also periodically expressed, and 
there may be PCBs upstream of the published sequence. Both cig2 and 
ste6 are also expressed during the sexual response pathway, although it is 
not known how this response is mediated. 
For reasoning/ references, see text. 
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A speculative model for Start and S phase in S. pombe. 
This highly speculative model is based on ideas discussed in 
chapter 7. Passage of Start involves the action of cdc2, cdclO and one or 
more Cl cyclins, possibly in a feedback loop. Active cdclO is also required 
for transcription of other genes under MCB control, including cdc22 and 
suc22 large transcript, and genes whose products may constitute a 
replication complex. Additional functions of cdc2 may also be required for 
initiation of DNA replication. While DNA replication is occurring, the 
presence of the replication complex is detected by radi, which acts to 
prevent the activation of cdc2 into a form capable of triggering mitotic entry. 
The radl-dependent checkpoint is also responsive to DNA damage. A 
further consequence of execution of radi function is the MCB-independent 
transcription of cdc22 and suc22 large transcript. MCB-independent 
transcription of these genes is also seen upon cell cycle arrest in e4clO-129 
mutants. 
In the figure, SPF and MPF indicate cdc2-cydin complexes acting at 
Start and at the G2-M transition respectively. 
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